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CH/vPTER I 



INTRODUCTION 



Back^yround 

Management is the act of plann^ngj Ci‘eanising.<, cO“ 
02 *dinatingj e-ontrollingj a)id supo^vi'^.'ing a pj?oject or act?.‘';’ity 
toward tho accoinplishinent of an end or objective. There are 
essentially throe ividividiial rocponcibilitien that managers 
have in performing theso r-ianagcmont fimotionrs. First p the 
manager uraat ehooso or rcoognise a specif io goal or objective. 
Second, ho must orgmiiao all available rosoireoes by means of 
a plan to achieve his objective. Third, he nust raeasure ac- 
tual performance in terns of tho plan in order to effectively 
manipulate his reso'io^ces. To assist in perforiiiing theso 
management functions in our highly teckaological society, 
thero havo boon dove.loped scientific mcnagomont tools end. 
tochniques. 

One of tho most Important advances ;bi tho search fo3? 
bettor mothodo for \ioe by managers to porfora thoir respon- 
sibilities has been tho int5?oduGtion cf nett-, >rk»based schod- 
uling systems sttch as PERT (Program Eyoluation and Rex'-iew 
Techniqxie) and CPU (Criltical Path Hothed). 

VJith the ad/ent of notuork-based scheduling systems 
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1 

project itianagoment has undergone considorah;) o refxneraent. 
Previously, as lon£, as projects remained small, and the 5.ntor~ 
dependency between tasks compris5.r..,g the project was sraalli , 

Gantt charting tev-Iniques were sufficient. These techniques 
are still sufficient for many projects. Hoi ever, the day of 
project control tln-ouj^i only a manager's intuition is over. 

V/hen the need for better manageraent techniques became so accuto 
as to hinder organizational gos-ls, managers and acadeiuicians 
began to develop a management science. 

VJith the emergence of network-based scheduling systems 
such as PERT and CPM, management gained effective plarjiing 
and controlling techniques. In these systems, emphasis is 
placed upon time for the puj.*pose of plamiiiiC. and schodiiling 
men and other resources for project completion. V/ith respect 
to planning and sehodiiling, tho project mane ger is concerned 
with developing an optimal plan of tasks coiiprising a project 



i7ith all its interrelationships. He is concerned with schcd« 
uling these vasks in somo optimal timo fraiiiOp and ho desires 
to effectively control tho schedvilo. )‘’or the most part, nct« 
work scheduling systems have concentrated or. the time para- 
meter, and, to an coitent, have neglected the. cost para.raetcr 
that evolves when rionitoring the expejuliturc of time and money 



“The •aanagv.ment oystems discxic 5od h'.rein relate prd* 
marily to project 2uanagcmont| that is, the responsibility 
for the integ .'•atio.^r of a3.1 functional activ.'^tios required 
for tho accompliohuont of a project. 
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in cax^rying out; the sched\ilod progusiiio 

Costs a,uo never completely disregarded in project 
scheduling. Although a national emergency iiiight tempo'rarllfy 
suspend economic cons ider at ions j, the occu3?rouoe of an indus- 
trial orgonl2;ation pursuing a "speed at any prico" criterion 
is rare. Tiioreforef the cost parameter should be examined 



througli a cost analysis of any p3?ojoot schedule, A coot 
analysis is prepared in order to arrive at the most practi 
and eoonomical scheclule that will still adhere to a projec 



cal 



^ C C3 



time constraints. Total project cos 
stusmiation of activity or task costs 



t includes more than a 
comprising the project. 



There may also be t$me constraints in addition to task tirae 

constra,ints. Therei’oro, factors outside tho project, as vjoll 

as those vjithin, xmet be included in the analysis of tho cost 
2 

paraiiiocer. 



rk»om 

total project 



tho initial estimates for activity times, the 
duration can be dotermixied. If this project 



dixration is too lonf; duo to contractual or tochaological 
reasons, then time must be compressed or shox'toned in some 



optimal time versus cost xaanner. This problem is resolved 
by buying or selling' time along the cribieal path of the 



'’Joseph J, Hoder and CgcII- h. 
Manag ement vlt li Cj^ and PERT (i?ew Yorl 
Uo^orat^ion, pp. 1-2. 



PJiillips , 

zt Rei'ihold idfb’Xit 



shing 
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Jaxiies L. Riggs and Cha3?los 0, death. G uide to Cos t 
Red uction throu .gh C: dtical Pa th S chodul ixig (iiligjewood cTiiTs , 
I rrentice-liallj Inc., I9b6l, ppT i03’'10i[.. 



projoct at a jainimxa cost. 0?he dcte.Fjni,n£i.tlo:i of an optimal 
achedulG by raoans of tirae-eoct trado-offs ir> complicatod by 
the larr.o mir.'bar of possible tiic.c«coat combinations invoI*'^o3.. 
ThuSy a piro^Got man ages? sho^aXd i5.se all available management 
tools to insin'O tha!; he arrives at an optiraal schedule in 
order to xrdniJ dse costs and raa:K:iml 2 ’.G profits , In order to 
utilise tho tools, he must Imou what provisions ai^o included 
in these systeriis and how they can bo applied to arrive at 
decisions leading to project time-coot optiriLsation. 



Purpose and Scope 

Tho piu’poce of this study is to ez-plicitly define and 
conduct a crii-ical malycio of the provisions for tiiiio-cost 
trade-offs included in network-based sohedulloig systems for 
use in project management, and to describe how those pi^ovisions 
can be applied for project tine-cost optimisation. Some of 
the substantixo issues tliat will bo explored ares 

1. What ai’o network scheduling sysl.ons? 

2o Hew is ))roject duration related to total project 
cost in theso systins? 






VJhat provisions for tiBie-c<>st trade-offs are 3.n- 



eluded in there systems? 

}■.. How can those trado-oXf provisions bo applied for 
project time-cost iptimiaation decisiois? 

To analyse ;ho provisions for time-covSt trade-offs 
for project tims-uor.t upuin3.2;ation. 



tliis papxjr is orgmiizod 




i 



( 
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to: 

1, Dsscieibc' the CriticaD. Path MethccL and Prognam 
Evaluation and Review Technique, 

2, Describe' and app;c»a5-sc the perform lanco of time 
corapi*ession on a project notx-7ork schedule, 

3, Effect ft crj-ticai analysis of significant 
assumptions p benefits ^ and shortcomingc of the time com- 
pression teolmiquo. 



Hethod of Proaentation 

This report vrill bo presented in five chapters. 
Chapter I is the introductory chapter x.hich presents tho 
purpose and direction of tho paper. 

Chapter II presents the histox^ical dovelopraont of the 
Critical Path Method netXTorP: scheduling system. Tho basic 
principles of this system and the provisions for time-cost 
trade-offs for project time-cost optirdzatioo are reviexred 
and illustrated. This chapter is concluded with a suramary 
of tho advantages and disadvantages of CPM. 

Chapter III traces tho devcloprucnt of the Program 
Evaluation ani Revievx Technique. Basic prineiplos of the 



system as they 
and provisions 



d.iffer from CPM are discussed and illixstratod 
for time-cost trade-offs for time-cost opti - 



misation are vnnumerated. PERT/Timo av.d PET r/Cost concepts 
are presented separately. Tho PERT sixpplementsp tho Time- 
Cost Option B’^pplomont and tho Rosourco Allocation Supplo- 
ment, are thcr ouglily presented because these oixpplomonts 
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contain the l-’ERT provisions for timc~coot t?v'ade-of f o , This 
chapter is conoludc;d with advantages and disadvantages of 
the al3.-inclur,ivo I’ERT system. 

Chapter IV presents the essentials cf project time- 



cost optimization 



and how optiraal project time-cost schedules 



can he derived fren notvrork scheduling systems. Time com- 
pression theory is discussed and a general time compression 
method applicable to both CPM and PERT is illustrated, Time 
compression assumptions p benefits cuid shortcor?D.ngSp and 
time-coot curares c.c they por’tai.n to project time-cost opti- 
mization are analyzed. 

The final chapterp Chapter V, contains the conclusions 
drax-m fi-oia analysis of the i>revioas chapters. Tho conclusions 



apG specifically related to the research questions. 



Sourcos of Information 

There is considerable literatui’o devoted to PERT and 



CPM and all their variations p but it 5.s largely associated 
x;ith tho initial concepts and experiences of the early 1960*s, 
This paper attempts to incorporate all the latest develop- 
ments of those systems. Most of the i-iformation contained 



in this paper has been obtained tlicougb. library research? 
hoxieverp a mmber cf personal intG''?vi0v‘:3 wero conducted '/ith 



prominent p knox^ledgcablo officials 
field from the Ifatjonal Aeronautics 
tho Center fer llaval ^lorlysiep tho 



in the management systems 
and Space Administration 
H?v^’*s Special Projocta 



S> 
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Office^, and the 0^1 ice of the Assistant Sec^-otary of Defense 
(Comptroller), Crarent periodicals, paraphiots, reports, 
magazines and boohs wore i\tilised in order to expand the 
objectivity of the paper* 



Signif.ioance 

VJith the s'accocsful applications of PERT in the 
Polaris progr:nii, and the succooses of CPM in the choraical 
and constmctlon industries, the use of netiinrk scheduling 
systems has g-*ovm at a rapid rate. In addition to their 
X’-aluo as planning and control techniqixes, the systomtS pro- 
vide a tool for planning toward optimmji project time-cost 
relationships,; They further provide a powerful net; vehicle 



for the control of costs throxighoxit tho com- so of a project. 



I-fost cost accountiiig systeras in industry arc functionally 



orientodi thaj is, cost data by cost centers is provided 
tfithin the co:ips.ny organization rather than by project." 



By tho util^ J^atioi'A of project networks for project accoimting, 

expenditures cen be coded to apply to the tasks or groups of 

tasks comprising a projoct, thus enabling project management 

2 

to monitor cc;3ts as well as scheduled progress of work. 

As a resu,7t, many largo agencies of the U. S« Gove?an- 
ment require the use of PERT and OPJ! supplemental cost ccntrol 

^’Hode * and Phillips^ Project k mager.ent with CPH 
and PERT , p. ,10. . 

^Ibid . 
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tochniquos ix? pro;'6ct:s conbr’actod to private o3?ganisationo . 

Tho govexurnent r’OQi'ix’es the ppimo contractoT- and major 

contract.cra to ut^Jisio somo for-m of notworh^basod progropn 

roporting for almort every major rosearech ard devolopment 

prograiTif, ospo3ial?y treapon systems programs « V/ith the ad"» 

vent of the progra'a package concept introduced into tho 

Department of Defense^ a nex-jr avxareness for project manage^ 

KLOnt and further dovellopments of PlRf cmd CHI has evolved, 

*1 

making it imperative that project sianagers keep informed. 



1 



Ibio... , pp, 10«11 



CHAPTER II 



THE 0PM SGinSDIJLIKG SYSTEM 



Historical Development 

M-tr .^1 — *r"*'hi III ■ !Ti~riiT‘ IVI-M Ii^nr jgirnT> nrj H lajiMMl'M ■ 



vities 



The first aid used 
was the G-antt chart. 



by manascmont to schedule acti'’ 

As shot-m in Figure 1^ the basic 



Gantt chart portrayed activities on the ordinate against 

1 

time on the abscissa," 



Activities 

C 

B 

A 



Tiitio 



Pig. 1, —Gantt chai^'t 



Tills teclmlque^ ex'* slight modificationj is still 
fi^cquently used in px^oduotion cchedul5.iig in industries whore 
high volume i-:;ems are manufactured, where production activities 



1 

Modo ? and Phillips, Pj?o,iect M mage-' ,ont with 0PM and 
PERT, pp. 3“4- — _______ 
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aro s^jailar or idcn";ical from ono {scheduling period to the 
ne 2 ct, and nhero production time per item In {Standard and 
Imotjn, Then, the aotivitiers A, B, and 0 on the Gantt chart 
miglit represent th© Bianufac-bm^e of three different partxS on 
the ssme production line tJhero tho sequence is dotormined by 



a tooling change. It is seen that A aucl B are sia.de independ» 

ontly Hhoroas B and C are siado siEatltanooiis3.y for a period of 

time. Here the ohai't portrays that nortion of time that tho 

same tooling is used on both, thus increasing production 

efficiency by olisiinating an extra tooling change. 

Although tho Gantt chart choired some relatiosiships 

betneon activities, it did not shot? interdepondoncios cxplic- 
1 

itly. So long as projects remained rclativo3.y small, and 
the interdependency of acta,vities irac minor, tho Gantt charting 



technique iras satisfactory. 



Hoi?evcr, as the sisie and complexity 



of projects increased. 



it was evident that bcittoi* scheduling 



teclmiqueD were neocssary. Sparked by bhis nocoBsity, the 



Integrated Engineering Control Group of E. I. du Pont do 
Nemours and Company bGga 2 ^ a study in 19, >6 in. an effort to 
correct doficionciec in traditional sch3di%li.i',g and planning 
procedures. A scheduling procGdm»o which ro\ealed interdepend- 



encies and intcri*elationships was needed. P.:om this study a 
network scheduling concept eraerged. Tho group recognized 
that network acdciviv-y time estiiuates we »e var iable^ however, 
th© principle use of this concept was intended foi* maintenance 



^Ibid. 
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and constructj.lon projects where roliahle tirte estimates 
could be obtained from past experience, Thci g^oup then as- 



sumed that activity times v;cre c^otermird 



G O 



c rather than 



variable. This did not place a restriction on the concept 
for its intended viso.^ 

This original notx-rork scheduling moihod \ms called 



Critical Path Method (CPM)^ for it showed the precedence re- 
lationships 3.U a px’oject as a result of the intordependcnciep 
among the many tasks comprising a project. 



Basic Principles of CP H 

To apply tho Critical Path Method, it is first nec- 
essary to break down the project under consideration into 
all its basic tasks oi'» activities. An activity is defined 
as any task or acticn that iiuxst bo perfor-mod which requires 
time and con be defined relative to tine. An activity is 
roprosented by an arrow in a schedulo flot; chart as depicted 
in Figure 2. 



(Act5_vii 




(Dependency Arrow) 

Pig 2, —Activity and depoiidency arrows 
Another arrow aeen 5n tho project flot: chart is a dependency 



'Ibid, r pp., 1-7 < 
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arroH which shot:s ppecodenco only and has a bopo timo value. 



It indicates that oao activity mst be initiated and cora~ 
ploted bofopo a suocecdins activity can be initiated. 

An event in a project xietwcnk is an iiistantaneous 



occurrenGo \rho3o accomplishment mst bo knetm at an unambig™ 
uous point in time. Events represent moanj.ngful accomplish- 
ments within the overall plan and they signify the initiation 
or completion of cro or more activities, jin event is usually 



called a node in a project network and is roprosonted by a 

2 

numbered circle. 

A project eehodttling xietwork flow chart is constructed 
of activities and events as shown i,n Figure 3. 




i’ige 3. —Project schcdulibig network 



As an exaraple of ir twork interpretationp cor .aider activity 



15 ” 16 , 



^Ibid. 
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tho arrow to ccrtor rdsht in Piguro 3« activity can« 

not begin imtll event 3 ocem^s^ and event 3 will occoi* when 
activities Bp Dp and E aro co^plotedo ihls ropreaents the 
precedence r-elatici: ships and interdependencies for activities 
in this project* 

Per p-'‘ojoot managementp the use of r.rroi? diagi’aKiiD.ng 
to create a pro^loct noti?ork flow chart has the following 



benefits i 



1. Tbo diagram is a worlrlng model— it 
can be foi levied by miyono viith very little 
©zplanaticn , Creating an arrow diagrojn is 
mch more ooraplox than reading one. 

2. By means of a diagrar.ip the entire 
project seep© can bo imedlatelyp and vis- 
ually, asfi»jiilated. 

3» Problems are resolvcdp on paper, 
before they occur. 

/}., The chance of omission is substan- 
tially redaced. 

p. Coordination of work and deliveries 
is achieved, 

6. V'ork is planned in the order in 
which it imst be done rather tJion in vihich 
it cp‘ >.ld be done. 

7. Per each job, all proj»equisite viork 
is always immediately* evident, 

0. P;e ©paring an arrow diagram, requires 
the ciioperation of the people uho will super- 
vise or do the work. TLo rcsiilt viill bo 
tjieir plan < -some tiling they respect— rather 
than something imposed upon tb )m. 



1: P ind:lng 

ment Associ 



I-< Martino, Project Manage ment and C ontrol , Vol. 
t ho Cr i tical ^jpav ii (hew I'orhw AwStiTc^i iixihage- 
at;. on, ;dic., p. l|.8. 
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Sinco activ:'.ty times ai*e assumed detonaj.nistic in 
CPM, they are constfiit. The time 3.onsth of the prpoject is 
the longest continucras path time-vjxse thpougiri the netwox'kj 

T 

this path is defined as the critical path.* Tho calculation 
of tho critical path is illustrated in Figure If, 




Pig . If . “ ~Pr o j o c t notu ork 



The co;.rjputa1;ions begin by assigning times to the ac- 



tivities 



2 



These tfunes are the x^esult of ejiporience judg- 



ments by tho manager. Booauso tho CPM appx'o.ach fa.nd 
greatest uso in the construction .industry an-i other 



s xus 

indxis tries 



of a similar nature t the manager 



can almost jjositivoly px*ed3.ct 



^* Ibid . ^ p. 102. 

2 

Times are usually ex:p 2 ’esacd ir. days, but fra.ctional 
days or hours are s )metiEios eraployed. 



tho time of cay given activity.* A Mgji degree of acc-upacy 
is obtained fpom vclrld ezper-3.once factors t/liich result from 
tho repetitive nature of the uorlr. By 5Ui®dt3g activity 
times along tho path loading to an event, aii earliest occtir- 
renc© time (t'^) is established for the event. The earliest 
occurrence time is the earll.ost time a3.1 related activities 

p 

preceding a chosen activity can be corapleted. Since there 
is freqi,’e''”'tly more than one path 3.eadii?.g to an event, it is 
necessary to choose tho greatest sum of activity times (the 
longest path) to establish tho correct earliest occurrence 
time for the event. An event is not completo until all ac- 
tivities leading to it have been completed. 

Let t^,^ earliest occurrence time for event 1 



” t-litie duration for activity A. 



theni 



t? « 0 (no activity constraints on ©vent 1) 



vrhich gives 



-O 



o 



^;> “ H I 



A 



tl' « tj 4- y„ n 1 4- ^ ts 6 



^ • •'B 

At event I), tho situation is somewhat different as 
t|^ r. max(t® 4- ypj t? 4- y^jS 



■^Davici II. ‘'tires and Maurice H. Iturq ay, PE RT /C PH 
(Boston, Mass.? Pnunsuorth Publishing Inc., 19"bH) 7 pp. 
119 - 120 . 

p 

I Bigr- and Heath, Guid e to Co ft Red .^ otion Throu gh 

Critical, Path Scho d a3.ing , ^7^0. ' ”” 



I 





















■ ij-ali \.4 ' 
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Ml earliest occurx'*cnco tinios aro shoim in Table 1. 

TABLE 1 

CRITICAL PATH CALCULATIONS 



Path 


Ac^Txvity l‘iiri3S 




1„2-3“6-7 


l+5t6+i 


13 


l„2-3-i^.-6-7 


l+i^-f3+6+l 


16 


X ** ^ ‘■•’Ij.** 6 *=» Y 


l+5-{- 6+6+1 


19 




l+^+8+l 


15 




1+7+6+1 


15 



There are I’ivo paths leading to event 7j thus, the 
longest path f^?on event 1 to event 7 selocted to obtaiii 
the cimulative eai‘liGSt occurrence time (T^) for event 7« 

The resultant longest path is the crit;icnl path becau.se it 
establishes the greatest tirae constraint on the completion 
of the end event. Any activ5.ty on the critical path that re- 
quires time in excess of the original 'I'^ill cause com- 

pletion of the end event to be dolayod corrof-pondingly. In 
the example^ 3 is tho critical path, requiring 19 

units of tirae, 

0 1 

A corollary to the t calculata.on is the t'", latest 
oocrarronco timo. This ±b the latest dai;G on trhioh an event 
can occur without delaying the complotim of the e.nd event, ‘*“ 
Calculations ore bef-im by moving all ac ;;lvitios forward in 
time as far as possIb3,e withoxrt increas '.ng 11 e length of tho 



AXbid. 
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project; then^ the latest occm^rcnco ti^ne fcr each event is 
calculated, Tlio project latest ocourrerce tiriOf, Tor tho 



end event :1s establ:lshed by the critical path tiiae value. 
Starting with the end event, subtract the aet5-vity time of 
each activity constraining the event frosi the of the end 
©vent. This will establish tho f'* for each event which is 
an iisaediate constraint on the end event, Tho cajhiilations 



for Figure I4. as follows? 

•1 

Let " tho latest occurrence time for event 1, 
then 

and this g5.vos 

t^ = ty » yj “ 19^1 s x8 

1 1 

\ “ "^6 " 

At eve:ats 3 and 5^ a different oituction arises. 



since 



I and 







■uir.Ctg - ygs 




In this case 
are sisrllf-x-. 



t^ min(t^ - y^l tj - y^) 

? - 9j> end t^ « 6. Tho 

In order to illustrate ti 



rcraalnjuig calculations 
is fcolcixlation in a 



convenient manor in tho neteork, the node event representa- 
tion is frequently don© as in Figure 



ii 
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<- 



Evo.'it Itoiboj? 

E32*liest Occm*j.'onco 
Time 



Pig. 5»**“’Ev‘ent designation 



All calculations tor the above emaaipl© ape shoim in 
Figure 6. 




Pig. 6.— Earliest and latest occurreneo times calculations 



The i'u-iximum time available for any activity (a) is 
tg ~ t® for ti at activity^ if this ti'mc o.xcssds the detoraiined 

activity time- the activity is said to have slack tixie ox» 

1 

float c‘ For all activities on the critical paths the quantity 



1 

'L, Pt- Shaffers J. B« Rxtters V/. L. Iieyor,» Tl^ 
Critical-Path Metb.od (Hot; Yor-k? McGx’aT:-Hi3,'ls Inc.® 1985) ii 
PP. 52^33. ■' 
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viill 130 acio. Slack tJill bo p3?csent in a notvjork 
flow diasi'O-ni when thoro aro two or laoro combinations of ac- 



tivity paths rhon i>rocecdins from, the 



starting evont to ••■he 



objective ©vent. The amoimt of slack that each event con- 
tains is closely analyzed by raanagerasnt and indicates the 



degree of fle.-id.bili 'by that is present i 2 i the program schedule. 

The three typos of slack ’l-hat tho Critical Path 
Method compu-bes arc total slack, free slack, and iLndepondont 
slack, ^ 



Tota.l slack is the difference in ti5. o be‘bween the 



latest ocGurronco time an activity may be completed and the 

2 

earliest tii’rio it can be eomploted. It is defined by 'bho 



foramla? 

Total Slack ” tj - (t® + t„) 

a pa 



where 

t;^ ° latest occurrence time for the successor 

i > 

evont 



C' 

t - eai’liest occttrrence time for ‘bho prodeoes- 
P 

sor G'^cnt and 

t^ - activi'by time for activi’by a. 

Total slack indicates tho time an activity can be delayed 
txithout chaj,'.>.ging the project duration, 

Preo slack Is that amount of slack found if all 

^Stir.iS and I-Jirpliy, PERT/GPM , p, 1^^?. 

^Ibid . 
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aetivitieo iu a pjx joot aZ'G as earlj' as possible. 

Ifc is that amDunt cf time by wiiioh an activity start time 
can be delayed uithout afrecting slack for ouccossive acti«- 
vitios . ^ Then, 

Pro© "ilack s t® - (t® -l- t„). 

S P 9. 

Independent slack is the ajiomit ot slack that is ir*» 
reducible in a path of act5.vities. Independent slack exists 
vxhen a pr©decc;ssor> event can occur at its Ic.test occurrence 
time (t ) and stil3. allow succeeding activities to be accom- 
plished before a successor e^’^ont^s earliest oecurronco ty^io 

(t®)d 

Iiidopondent slack = Max (Os t® - + t }) 

^ s p a 

Figaro 7 illustrates the corapiitation of slack. 

Note tho starred values in the independent slack column are 
actually negative but are Gsqprossod as aero. 

These slack calculations are used to analyze the not- 
T7ork and fx’©qr;ently serve as a basis for adjustment of re- 
sources in an effci*t to shorten tho critical path. If a pro* 
ject deadline is hvoosecla the latest occurrence time for the 
last event in the network can be set ev.ual to this deadline. 
If tho deadline is loss than the earlir st ocoiarrenco time of 
the last event, some slack calculations will be negative in- 
dicating that activity tiiaes must bo siiortened to meet the 
imposed deadli.no. 



*Ibid. 



^Xo:td., r, 1$Q, 



2lb5,d., p, 159. 
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Activity 



Pred. 



Succ, 



1 

1 

1 

2 

3 



k 

h, 

k 



Slack 



Total 



Free 



3 

2 

3 

2 



0 

0 

3 

1 

0 



Independent 

0 «' 

aic-> 

1 

difr 

OJC- 



Fig. 7 •““Slack coHputations 

Using CPMp each activity in the network receives tvjo 
time estiiaaterj “norvaal" tirae, and "crash" b5jtae. Normal 
time ostimato is the miniimm time associated with completing 
the job at miiJjGioiii cost* Emphasis is on minlramii cost* Crash 
time ostjjiato is the tirao for accomplishing the job in the 
absolute iiiini?ura ti-no with the minimum cost necessary to 

•I 

achieve that tirao. Emphasis is on rirlnimum tlmo,' 

Eased upon these two ost'^aao.tcs for each aotivityj 
altornato plar-.s ai*c developed, Altornc. tivoe range from 
"normal" effort on all activities to "crash" effort on all 
critical path activit.ic 2 . Various combinations lio in betvjcen 



'Ibid., pp, 120-121, 



\ 



I 
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thoae tv;o ozt'J’emos only selected activities arc 

"crashed. " 

Time has p monetary value or cost. ThuSp if the 
time requ-ircd to oc-aplot© a project is reduced by adding 
additional manpowe^■’ or resources, the diroct cost of the 
project increases. By plotting the variolas time estimates 
v;ith their corresponding effects upon direct costs, a time- 
cost cvirvo similar to Pigir!:*e 8 results. Xt is important 



Direct 

Cost 




to note that placix\g "crash" effort on all activities is not 
a relevant alternative, for this nazlmlsco costs. There is 
nothing to bo gained by putting "crash" effo;?t on a non- 
critical activity. 

If there is a specified tiiae set for project complo- 
tion, the planner haoim his raaximura tir'o limit. If no time 
is specified, the p;ianno7? uses the "normal" ;imo estimate, 

^Ibid . 



P . 1..0 122-123 
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To miniriiae costs an 3. increaso efficiency the plajanen cosihinos 

his pi’ojeot direct CDSt ctirvc with project indirect costs. 

By comhinija" all costs into a total cost onrvs as seen :bi 

Piewre 9 $ the plannot* can identify the tirao associated with 

1 

the minimum total project investment cost. 




PiO. 9.--CJPM project time-coot enrves 



Adv e ntap,es and Disadvan ;ages 
With tTTelvo years osrperionce using CPM, management 
I has found that CPM vrovides the following ant ages s 

1„ CP:.; cinforces a discipline in planning 

and scheduling wMch is not accomplished as 
' t'jrell 'With t}..c traditional methods, 

2, CPJi does allot? management to maiiage- 
hy- e:r.c op t i c r>. , 

3, GP.’,i allo'ws for an ijiipiovomont in com- 
munication <'nd coordination omoig tPo^ several 
dopart aonts in thic firm. 



^Ibid,, pp, 12 I 4 -I 26 , 



4. GPH can make planners and schedulers 
more o crape tent. 



p. CPM allots for an iraprox’^emont in com- 
manica-bions and coordination among the several 
organisations requii^ed for completing the vjork. 

6. CPM provides raanageraont vrith a tool 
to mensuro the ability of planners »•- 

In addition to the above advantages the C2?itlcal 

path technique offers the following corollary advantages; 

1. It provides the project manager X7ith 
specific information that permits him to set 
an objective and rigo3?ous schedule and to dis- 
cuss v;ith his management or client, on a 
practrnal basis, vjhy that schedule was chosen 
and Hhat considerations will be 5-nvolved in 
changing it. 

With dynamic roport5.ng and updating 
the uOchniq.ie px’ovides top management with an 
integrated suirmary picture of total progress 
and progress oixtlook on a continuous basis. 

3. It simplifies the cojraumicabions 
problem tbro'ugli a detailed actioii plan using 
a comnon language for all groups. T.'.io pre- 
paration of tho plan requires job jr-eeponsi- 
bilities to bo clearly pinpointed. Failure 
to moot schedule times can bo checlrod peri- 
odically against the original plan and the 
true cause for failing to meet complotion 
dates can be clearly stated. 

P., C.PH tightens up work r ©rfor -iance and 
reveals inadequacies in method: , 5,ndlvidual 
skill'- , supervisory direction, and voanpower 
balancG. Iliny times, improves, nts a a control 
practices and supervision are r ecess sry. 

5. It x^laces a do3l8::? T-aluc on change, 

Ihus able to relate time schcd-ales to cost, 
managf ment can i’^oadily ju.stify methods ira- 
provonent. Most :lmporto,nt, me' hods work can 



Method, 



^•Shaffer, Ritter, 
pp. ll5”*',R6. 



and Moyer, Th e Cr i tical Path 
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bo di''»oc1}cd to those positions of a peojcot 
oj? shutdoxra whore tho greatest gain .for the 
least czpcnlittiro of dollars and technical 
offer b con bo achieved, 3. 

I'ho disadvantage aosoc5,atod with CPU is tho fooling 
that CPM is a curo-all. It is iicperativo tliat manageraont 
understand that CP.^-j is not a panacea. It cannot bo used as 
a substitute for the hnowledgo and underst abiding which the 
project manager has gained from practical crporicnce, CPM 
is only an information»gcnerating process which can aid tho 
project monagor in the planning, schoduling, and controlling 

,p 

of a project.' 



Gabriel 17. Stiiian and Others, PEBVs A Hew Ilamge- 



ment P3.annin g and Contro l Toehnique (K *i 

Management As3ocia\;es, lvSHT7pFr”l62-l63 



^-icrioan 



"Shaf for, P.lttoj.', and Kc^er, Tlie Critical Path Method, 



p. 181|. 
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CH/xPTER III 



TF>3 PERT SCHEDULim SYSTEl-I 



BacEgroimd 

Tho Pz-ogpara Evaluation Branch of tho Special Projects 
Office of tho Favy wan confronted -^rith many problems in 
scheduling tho Polar-’ic Ploot Ballistic MistJil© progrom* 

This program involved rcsearchp devolcpmentj f abr-icationp 
testingp producting, and staffing of a continental ballistic 
missile system. Tho Spocial Pi-»ojects Offic-o startod sched- 
tiling this project by the existing technlqao which was a 
basic application of the Gantt chart with t;an© deadlines 
specified. Duo to tho thousands of activities and the high 
degree of depondencyp it became apparent that a new technique 
was needed. Consequently, in early the consulting firm 

of Booz, Alien, and Haiiiilton, worhing in conjunction tfith tho 
Special Projects Office of the U. S. Kavy, was given the task 
of advancing a suitable scheduling prosedur-C!. This work vras 
ca5:‘ried out indepondontly of the vjork being performed by du 
Pont on CPI'I. 

The Pc laris program involved o onsid'' roble research 
and dovolopnoi b I therefore, activity tbacs •'"crG extremely 
vai’iablo and t;sre so regarded in tho f inal technique. As in 
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CPM, the scheduling techniquo used a netnonj: to shoH proco- 
denco relationships:, This schedixling techniquo was named 
PERT for* Program Ec’aluation and Roviovj Tochilque, 

PERT is a recent addition to the project manager's 
store of information tools. It is primarily a tool of evalu= 
ation \Thich deals tfith three of the most important manage- 



ment elements in the operation of an effective projects 
first;, it appraises the validity of plans and schedules for 
carrying out the projeoti socondp it raeasuros the progress 
achiovedj third, it measures the outlook for meeting the 

T 

project ‘s objectives. 



The thrcG foregoing olemonto ere monitored continu- 
ously during tne operation of the project. This provides 
the manager Tilth curarent status information, PERT is designed 

for any project or program vihich is a non-ropetitivo perform- 

2 

ance or work task to achieve an objectivo goal. it is ap- 
plicable to ajEiost any endeavor which requ^aacs a systematic 
or planned approach to reach a desired objectivo. The im- 
pression that PERT and its derivat5,vo2 ai^o Tiseful only in 
largo, one-tine development programs should bo dispelled. 

The approach has been utilised in the folloiTlng areas 
1. ‘/he ins ’aallation of a new compiTter. 



^'Stie? s and mrphy, PERT/CPM , p. 3. 

^Davic H. Spires and Raymond P. V/enlg, PERT/GOST 
(Boston? Parrsworth Publishing, Inc., 1961;.), p. 6. 

%tillan and Others, PERT, p. 26. 
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2. T]iO progr-ani in civil clGfonrje, 

3, The nov7‘-px*odiict process, 

ll-. Construction and maintenanco activities, 
The fin.mcial forecasting process, 

6, I-tS.ning operations, 

7, Real estate development prograins., 

8, Highway construction. 

9, Cost control. 

10, Documentation Control, 

11. Vclvo oaginoor-ing. 



Basic Principles 

PERT is a management planning axid control technique 
which, as in CPM, utilisoa a network to dopitit the essential 
rolationsliipo botwoon the various tasks comprising a project. 
It is a sot of prii-Hiipleo, methods, and tecteiiq^ios for ef- 
fective planning of objective-oriented work thereby establish- 
ing a sound basis for effective scheduling, costing, control- 



ling, and roplanniiig in the management of prograr?vS or pro- 
1 

joets, PERT Is generally categorizod into i'/Wo systeras. 



PERT/Time and PERT/Cost. The original 
by Booe, Allen, and Haid,lton did not i 
recording and controlling costs 5 this 



PERT concept developed 
rc3.ude the :Cunction of 
was aCded latex"’ to rhCT/ 



Time and x?as called PERT/Gost, PERT/Time will be covered 



S, , Dopjirtriont of the Havy, Special Projects 
Office, S P PE RT Han dbook; (VJashington, D, C. ? Special Pro- 
j oc t s Office , T983T, Pc X . 6 . 



29 



first, then PPIRT/Go't. 



PERT/'fiiUG 



Five elcma-ito of PERT/Timo, essontiftl for its om«“ 



ployriont arcs 



1. A prodiict oriented ijo.’Js: brcakdoxrn 
stinxctare, beginning xiith thesfD objectives 
subdivided J.nto succcssj.voly sruallox Gnd« 
items . 

A flow plan (ncttror.v) consisting of 
all the activities and ex=’ont3 tlrnt mxst be 
completed or accomplished to reach tho pro- 
gram cbjcctiVGS, showing the5.r plar.=nod sequence 
of accomplirhmsnt, 3,ntordopendoncie;?, and 



interrelationships . 



3. Elapsod time estJjiiatos and identi- 
fication of critical paths in the riotuorks, 



Ij., A schedule trhich attempts to balance 
tho objectives, the network floir plan, and 
resources availability. 

Analysis of tho interi’elated net- 
works, schecules and slack valxies as a basis 
for continucus evaluation of p;’ograic status, 
forocatrb of overruns, and tho ;.dontification 
of problem areas in time for ra-'maigement to 
take corrective action,^ 



The PF IT system employs the abc^ve elements by first 
listing all si;5n3.f leant progress milest»ones trhich are to be 



achieved tlirovTi^liout the life of the prograxr.. Those raile- 



stones are arrayed, soquontiolly, and 
by appropriate aetlvitiCvS requireo tc 
network as in '!PM. A PERT miles tone. 



■jonnected to each other 
advance tteough the 
oommoely referred to 



S, Offi' CO of the Secretary of t^sfense, PERT Co- 
ordinating Group, Pi R T Guide for Hana g^men'D Use ( dashingtoa, 
D, C.s Governient"’J rin1^ng Office, p. 3. 
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as a PERT e"vrent, if- a finite accompllf3n.iGont necessary to ob^- 
tain a given objoct.lvo tmd worded :ln such a w^ay that at any 
point 5/ii tir^G there cajn bo no qiiootion of wjiat it is or 
what has to be done , For a PPIRT notwor]^; to oi^orate it is 
essential that an c 'ld cbjeotivo or one ovci.'; bo clearly de- 
fined, 

Onoo all events and activities ore defined and the 
end objective is stated, tsiue esthnates aro made for each 
activity, Hei'Op PERT differs frora CPI-. In PERT, activity 
tisios are assumed t ? bo variable and Pence jsust bo est:lEiated, 
Tho procedure is to obtain threo t3jaie estirvrbes froiii compe- 
tent p.rojoct personiol for each aotS-vity, The three time 
estimates are cor.mc>;ily called the opti misti c, possinistic , 
and most likely timjs for mi activity. The estimates are 
defined as fojlows.; 

Op t :lmi s t i o tlvus ( a ) -- the tiir.o required to 
complc to the activity under tl e ber-t condi- 
tions. This time is unl.ikely to be aoliievod 
but if. poer Iblo if everyttiing goes exceptional- 
ly we?,l. It is ostlunated that an -vstivity 
'.roulc have lo more than one ePanoe in a 
hundrrd of being corapletod vrlthlui 1-b.is tluie. 

Most likely time (m) -- tho mest rt xlistic 



ostim-to or most probable activity tine. 
This time v; culd be Gsqpoctod tr ooc'J'.’' most 
often if ti'3 activity coiild be reocatod 




I 
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n.'UBiorov.s tinos iinder similar circmasbanccs, 

Pessimiotif time (b ) «« the longest time an 

aotivity uoiild require t^ider the moat ad-- 

vorse conditions s barring acta of God. This 

estimate also represents the v/orst oaso of 

1 

one in a hundred. 



By requiring throe time estimates, it v as thought the esti- 
mator vTould become disasoociated frer. his built-in knovTlcdgc 
of the existing ochodulo and provide more reliable informa- 
tion about the inlierent difficulties and variability in the 
activity being ostioiated. The three time octimatos are com- 
bined mathematically'' by tiio formulas which yield the PERT 
activity expected 1-5jae (tM and the variance (ci). The ex- 

u G 

pected time is the time that divides the total range of 
probability in half Thei’e is a 50~5b chaiajo that the tiiiie 
actual3.y required vjill be oqu.al to or greate * than the ex- 
pected time. ‘The expected time or moar tirae is given by 

b » for activity s.*^ 

u.. 

The variance of the expected time is a aicasrro of its degree 



of uncertainty, . This measure reveals the width or spread of 
the center per cent of the total distribu .;ion so that 
there is a $0 per c-ont probability that the activity x^ill 
occur vrithin the expected t5.me— plus or minus so many \mits 

^PERT Coordinating Group, PERT Guide, p. D. 3. 

2 

Sti?Lian and Others, PERT , p. 62. 

^Ibid., pp. 110-111. 
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of Thft vai’iance ;lo given by 

cr^ ” ^ foP activity s,^ 

and standard deviation by 

cr^ “ activity s. 

The critical path ia fotmd by using for each activity and 
proceeding as in the CPM scheduling tcchniqr.o. 

To illustrate, consider the project notnork in Pigiu?e 
10, v/ith time estiiiatos for each activity designated by (a. 



m, b). 






f 3 ] 








3 . 5^ . 8 ) ^ iu 

ci,?^ 

r 3 ' ) 



Pig. 10, -“PERT project netuerk 

From this, the follot-ring expected activity times and standard 

deviations can be obtained; 

..n „ 1 4 i|. -}- 2 „ 7 . _ „ 2«»1 „ 1 
"'1 .. .. . ^ ^ 



r 
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The critical path if! found In Tabic 2. 



TABLE 2 

CKITICAL PATH CALCULATIONS 





Path 


Activity 

Times 


Std. 

Deviation 


T 


•^E 



1-2-3-6-7 


74 2)4-+2[j.4-2.^ 


l-f;.!.l64 3 


80 


2:k- 


1.,2-34!-“6-7 


F 

7-f 21J.4-12+211.-1-25 
6 


€ 

l4l}.-h2-hI|.-i‘-3 

b 


F* 

92 

F“ 


6 

% 


1— 2«»l.j.«»6 " 7 


7-i-3:U-2l.!-+2^ 
' 6 ' 


145+*!^3 
"-^"G — 


87 

"6“ 


13 

*r 




7-i-28P30-{-2l!,-f25 


1+642 4lj.4-3 


'F 


16 

"6" 


1-2-!;- 6 -7 


7+28-H7-h2!; 


1+643-^3 

o 


77 

F' 


13 

*F“ 


critilcal pith 


!''■ foxmd to bo 


=*].}.*» 6 •<»Y e 


The 


expected 



project eoaaplobion t-iiao is the s"am of the cr^pectad activii/ 
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times on tho longest path (the critical path), and the stand- 

1 

ard deviation is tho sum or the activity stci3ida3?d deviations." 

In the illiiStration.> the expected oo::.iplstion time is auitr, 

? 6 

of time x/ith a standard deviation of unitf? of time. 

Once the expected completion tixae aixd standard devi- 



ation are found, the probability of completing the project in 
that time mst bo ascertained. This aspect of PERT has been 



most controversial since its inception in tho origDaial PERT 
technique. The statistical argument for this caloulation is 
based on tho use of the Central I^imit Thcore i x^heii there are 
a large number of activities (more them ton) on tho C2»itical 
path and their individual distributions aro random. The use 
of the Central Limit Theorem is based ixpon the assumption 



that the distribution of possible completion t;lmes around T^ 
(expected completion tiirio) fox* the objective event approxi- 
mates tho norraal, or bell-shaped, distribution as seen in 
2 

Figure 11. 'Phis approach allows plarnex*s or schedulers to 
attach a probability figure to the final project completion 
time, although it may troll b© in great error according to 
tho findings of MacCJrimraon and Ryavec cf the HAIID Corpora- 
tion. An analysis of tho pros and cor-s of tho PERT assiunption.s 



Co rt 



"Fiobert V7. iUller, Sohodu.le , v , 
with PERT (I'lGxr yorbr Me Gr atr-Hi IT* Book"* Jomp a • iy'j " Ij-Jbjj , 

^Ibid., p. 5%. 



, a nd Profit C o ntrol 
PPe 



-1 

K. R. MacC:>.*iii 2 non and G. A. Ryavroc, / m Ai ia3.y tical Stud: : 
of tno PE RT As smrtptions (Santa Monica, Califl ; The^CAljD Goi'po*’- 
i?ation, 
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Fig, ll,»"P3?o ject expected completion time distr 5 .bution 



will not be covered in this paper. If the beta cost distni-- 
bution is not assmicd mid used^ then the for-mnla for the ap- 
propriate distribut.' on should be used in placo of those pre- 



viously explained. 



After activity time estimates ere made and activity 
expected tiraes are computed, the earliest occurrence tiiaes 
(t®) and the latest occurrence tiiues (f^) art determined in 
the same manner, as in CPH, Once these values are derived 
for each event, slack time can be calculated. 

In PERT, there are two categories of slacks event 
slack and activity slack. Event slack is the differonoo be- 
tween the latGf t occurrence event time .md the ear*liest oc- 



currence event timo (t^-t'^). Many events hav^'e a 2cro slack 
condition? tha*: is, the latest time and earliest timo are 
equal. If a lino wore drawn through the nctr;ork flow diagram 



connecting all jsero slack events, it wcvld form a path fi’ora 
the stai'ting c ent to the objective event, ihis is the cri- 
tical path, ane, for all activities on vhis j-ath, tho quantity 
t^'~t® trill be ; oro. 



Events that do not lie on the critical 
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path are called "alack events f," and activity lines connecting 

these events fori!! jiaths called "slack paths* 

Activity slack differs fr-o':^ event slack i?hen there 

is more than one activity 3 Jnmodiate 3 ,y preceding an event. 

This is the same as total slack in CPM and is computed in 

the same manner using the same formula? 

Sa - t^ - (tp + ta) for activity a. 

Slack path ''inalysis is oztremely l'*''’portant for ef- 

fectivo management control for it provides the guidelinos 

for reallocation of rosources and supplies the decision*- 

2 

making facts nocess^iry for fast managenont action. 



F ERf/Cost 

Tho PERT/Oo.'Jt systom^ devclopec. as an extension of 
the basic PERT/Time system, is a management 'jool encompassing 
a set of techniques for the plannif3g ai.d control of cost in 

o 

terms of project tas3cs and schedules,-^ In addition to overall 
cost reductio:), the two basic objectives of PERT/Cost are to 
achieve more realistic original progra:;.. cost estiiuates and to 
achieve improved control against the oxiginsl estimates,^ 

Tho system covrelatos cost to work by reqiiiring cost estimates 



^Stires and Morphy, PER.T/CPM, pp, 3S =4.0, 

r> 

‘^ Ibid . , pp* l}-0”4-3« 



•3 

Anthcoy L, lannono, Manag emon'*. Pro ^ Plann in g and 
Control with P ERT, H OST , an d EoS ^j'Shglc wood^CliiTs, , ? 

Prentice~Hail"XncT7 196 y 7T p.^bS. 



PERTs p< 
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Sc}lGd^^lo« Cost, and Pj of it Control vjlth 
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bud^ots to bo Biado Top discroto tasks viith : 
ginning and ending points* It JL’olatos cost 
tho scheduling of beginnings and endings ol‘ 



identifiable bo~ 
to tins tbpongh 
tasks . 



PERT/Cost vjas developed to rrioot the folloxring plan~ 
ning and control needs of managements 



1» Defino the work to be perfcraiod, 

2, Dovolop more realistic schcdiCle and 
cost G-3tima.tes based on tho resonreos planned 
to por-form the work* 



i 



3. Detormino vrhore resources should bo 
applied to best achieve tho ti-iie^ cost and 
tecJanical performance objectivss* 

Ij.* Identify those areas developing po~ 
tentlal delays or cost overruns f, in timie to 
permit corroetive action* 



It was developed to enable raanagors at each level to dot ermines 

1. VJhether tho current eatimatod time 
and cost for completing tho entire project 
aro realistic. 



2, I’/liothor tho project is meeling the 
coiiimitbed schedule and cost eabimatc aixd, if 
not, the esitont of bxij diffcreico. 

3. VJhethor 3 ?equirGraGnts .‘s'or nanpowor 
and otaor rcssourcGS have boon planned real- 
istically to rainiEiize preid.um costs and idle 
time. 



.'i-. How nianpowor and other resoiirces 
con bo shifted to expodite ci»i ’;ical acti- 
vities , 

Hox 7 manpower and other rcco^n?oos 
can bo shifijcd to G 2 q?edito critical activities. 



^U. S. , Office of tho Socrotar/ of 
Aeronautics aXii Spa *.e Aebrdnistration, . OOP 
COST Syst ems D esig n (Washington, D. C.*; 0 

Office, p, "it 



Pefense and National 
fud NASA Ctuidos PERT 
c V crnriientnpVin bin 
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How manpoiJOi’ Gxid ot-hos* i*GOovi;?ces 
mad© availabl© by chans© s 5.n tho ppo^iect 
tasks can bo best utilised.^ 

rSitT/Goat requires that tlio PSHT/irir-ie neti-rork bo 

fully developed bofo;?e costins can be completed and that 

persons doing the costing have an intajaato kixexjledgo of the 

netwoplc. In addition, it is doiibtful that an organisation 

can implement PERT/Oost tmless it h.as had the ©zporience of 

implementing PERT/Tijne. These requirements ore consistent 

with the definition and control idea of PERT/Cost, that is, 

the direct associati-.m of project costs xjith activities on 

2 

an established time network. 

The six basic olexaents of the PERT/Gost system ares 
an orcderly Work Broakdotm Structurei a listing of vj-ork 
packages I PERT netwc»rks to relate specific work packages 
and the events axid activities contained in tliemi a reporting 
system for estimating and recordjaig costs by account codes 
which identify work packages j periodic x updating of cost and 
time est5.matGS to predict overrxms and xuidcrrunsi successive 
sxuiffiiarization of cost from x-7ork package level up througla sub~ 
systems and systems to total project cort.^ The basic tools 
in the system ere tlis notviork and the V'erk Breakdown Strixcture 



Ibid. , pp. 1-2, 



pp. 89-91. 



"Mille? , Schedule,, Cost and Profit Control xrith PERT, 



^ Ibid . , pp. 96-122, 



( 
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(VJBS), Th.e notvjorl* ia used pi».li;;iap5.1y for p;lanning and con” 
trolling schedules, and tho WBS for pXaiminj; and controlling 
I costs, 'f.ie VffiS series as tho basis for construction of tho 
PERT/Time netv7ork of project activitios and events . (Eb.is 
technique provides? 

: 1. Idsntification and dcvfinitioii of all 

! elements of uork which invol%’'o tho expendi- 

ture of tira© and dollar rosomoos. 

2, Establishment of roasonablo and at- 
tainable time and cost targets, both inter- 
im mediate and terr/dnal, 

I 3» Idsntification of critical problem 

areas during project planning and Ifn^ough- 
out project execution.! 

The project begins with tho development of -die V/BS (Figure 
;■ 12 ) . 

I After a project has been broken do^’ni into end item 

; subdivisions, each lowest level end item subdivision is 
fvirther x^educed into tasks required for its accoanplishsient. 
These tasks axo woifs packages (Figaro 13) and are scheduled • 
out as a unit. Detailed networks are oonstis-nxcted for each 
' end item subdivision of the project, end network activitios 
are identified with the work packages they j^oprecont. Once 
network? have been established, a time schudule is established 
based on the final nckwork. According to this schedule, cost 
estimates and budgets are established. ~ Go .it estimates are 
made for each work paelrago. Estimates are based on all 

] 

xanneno, il cnagemont Program P lanning , p. 67. 

%tiros and Vfenig, PERT/COST, pp. 13-14. 
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i*ccour-ccs requlrod to coiiipletc each ijork pac3:agG in 5-ts 



sched~ 



ulod tsjiie. By smriir'r'.tion of cost estimates 

to oad it<,m suBdivisionSp to total project, 

•1 

mates are ari'ived at autoraatican.ly*' Thus, 
integrates titJie and cost. During tho 3ifo 



work packages 
tho cost esti 
the work package 
cf tho project. 



actual times and cof ts are recorded a;aa compared against the 
estimated figures of the original plan. Necessary revisions 
to tho p3.an aj:-o 27iaclo based on these cor.ipar:* sons, and futui’o 
projections ar-e a result of current figures. 

Because tho work package is handled as a unit, it 



affistes 
does not 



cost;lng responsibility to a mon.ager. Although it 
prevent the* raanager from covei-ing o’^’orrun on one 



task with xmdomm on some other task in his work package, 
it doos tend to minimize this problem. 



To analyze tho original cost ostimato that was pro« 
pared for the project to see x?hethor actual costs to date 
are in line with estimated costs, a cos i;~of -’work graph showni 
in Piguro 14 is constrtzoted. 

This g:,'e.ph j. oprocents the folio Jing information? 

1, Budgeted coots (iJlonnei costs)? 
the amozint cf money required to acco'.Jplish 
tho program. 

T:., Cci mitted costs? the actual costs 
that arc co"..i;iittod or o;q:>onded to date. 

3o Cost performance and p^ogro-s? 
the estixfiat'^ for tho work porfo?B).od :nd the 
progress to date based on original estimates. 




Fiji. lU!-, -•“Cost-'OA "Work repoi‘1’. 



l[.e P 3 ?ojoc'bed costs to completes the 
entimated cost to coraplcto tho p5?ogream based 
orA actual cc.sts to date and estimated costa 
foi* tbo baltaico of the prognmn. * 

This gi'aphic nopreesontation provides a coinpanison botueen 

actual and budgeted costs and presents a continual forecast 

of cost to project corapletion. 

In addition to tho coiaparilson bettTeon actual and 

budgeted costs ^ another tool aids in isolating t^■*o^^ble 

areas earlier^ Th5,a is the Value of Work concept. Comparing 

actual versus budgeted expcnddtuPGO w.&'S' not give a true mea*- 



sure of progress^ pcrticiilarly if overinms are ocourringo 
The Value of VJork is calculated by dividing tho actual cost 



to date by the latest revised estimate of total cost and 
imiltiplyin.g tiiis quotient by the contracted planned cost, 



That is; 



Valtio of VJork 
Performed 



A ottial Cost ___ 

latest Hevls ecT’ks tiia at e 



X 



Planned Cost 



Thus, if tho revised cost estimate changes from the planned 
cost, tho first quantity gives the percentage of completion 
which, wl'ien mu.''.tipl5 cd by the planned c:>st,fj.ves a val\ie of 



work accomplished wPich can be compared against the original 
plan. This ccvicept, when a.pplied to i:idividual work packages, 
higlilif^its potentiol trouble spots bero:?o th y grow into 
serious problons, and allows managemont to better maintain 
cost control. 



~-Sti:iirn and OtPiors, PERT , p. 88. 

^Stirot aiad Wenig, PERT/COST , pp, ?:>1»268, 



I 



tbpoe 



As tli 3 project progresses undoi* PERT/Gost, 
means can be used to costs and opt j rails o schedules; 

lo Hodifyj.ng the netuorlc logic sequence 
hy changir.g the amount of concurrent t-Tork or- 
tho method? of work accomplishmont. 

Revising tho planned resoxn-ces for 
various work packages hy shifting inter- 
changeable resources from slack patliS to 
criti'*.al paths 

3. Rescheduling slack path activities 
to reduce additional hiring prcmi.um costs 
and idle rosourcea.- 

Using tho abovo techniques, PERT/Gost gives manage- 
ment a potrcrj?ul new way to bettor control costs throughout 
the duration of may project while concomJ-tantly producing 
products on scshodulc. 



PERT Supplements 

PERT/Oost was dosigned primarily as a management 
planning and (iontrol system to utilize available resources 
and time to raoet a prograia objective. It compares actual 
results xjith planned performance. PERT takes planning es- 
tiiuates and forms a sequenced plan of action with only par- 
tial regard for possible time and coot redunfcion. It docs 
not indicate i:ho optimum balance of ti.:\Oj, cost, and risk 
necessary for objectivo accomplishmont. After the project 
network has b< en resolved, cost estimates ar.‘d budgets arc 

prepared for the work packages based on expe ctod activity 
2 

times. Tiles:-/ cost estivaatos tlien become tPi.3 control 



\ 

1 



standards against nhicii actual results are coraparedi thus, 
control of costs duidng operation is offGCt-:lve only to th© 
extent that actual costs are monitored against crpocted 
costs. There is no positivo control Kjiicli cooks to miinbrdse 
actual costs. This is an inherent Hoafei-oss of the PERT/Gost 
system. Neither tahio estimating and scheduling mr cost es- 
timating and controlling are undertalccn with, tho si^ecific 
purpose of mlii.ijroij^ing cost aiid tlm© while producing tho re- 
quired output. 

To overcome th3.s uealmessp two svipplemonts to PERT 



have been developed? tho Time-Cost Option Svipplemcnt, and 
tho Resource Allocai;ion Supplement. The Tine-Cost Option 
Supplement is a proceduro for developiag and evaluating al- 
ternate tirae and cost plans for perforning tho project. It 
assists the pi eject m,anagG.r in solectiag the plan that repre- 
sents tho best feasible balance of tiraep cost, and technical 
risk in achieving the project objectives,* The Resource 
Allocation Sup plemont is a procedure for allocation of re- 
sources among project tasks to assure project completion at 

2 

tho loirest cosb witidn the desired complete c>n date. 



The T.l a©-Co;* 
PERT/Gost systi'm to 
tirae-cos t ~r isk plan^; 



t Ojjtion is a proc -'-dure for a.dapting the 
develop and display throe alternativo 
for a project. These rre the Most 



*D0D a. id NASA Guide: PERT COSO, p. 



k: 



Ibid 



Erficicnt Plan, tho Directed Date Plan, and the Shortest 



Time Plan.^ The Moat Efficient Plan is a 'xietworJx plan that 
presents the most efficient use of presently available re- 

2 

soxircos J.n iiiocting the toohnical requirements of a project* 
This is the plan the contractor would choose if he had no 
specific budget or sshedu.le liinitations to observe* It does 
not consider cost or time constraints and usually r'esults in 
the lov.Tcst toolonical risk for the contractci*. Piguro 1^ dem 
onstratGS the most efficient plan for a project. IJon- 
interdependent activities are placed in sei-*i( s to achieve 
efficioncy and reduce technical risk but at the e:q>onso of 
project time duration, VJith a.ctivitlos placed in series, 
fewer resources go farther, thus reducing total project cost 
The Dirocted Date Plan is the notwoi% plan selected 



to meet the technical requirements of a project by a given 
•3 

date."^ This plan Is the base plan upon vjhicl) the other tvro 
alternatives are developed* As seen in Piguro 1 $, some of 
the major taokf are performed conctxrr©n’’.ly rc suiting in a 
slightly higlioi risk and increased cost but in less t5,me 
duration* 

The Shortest Time Plan is the plan which seeks to 



fulfill the tocimical requirements of tl.o project in the 
shortest possii>le time*^'" As tine is ro'.uccdj teclmical 
risk incr oases. The paralleling of act.’.vitias in Figure 15 



Most Errioient Plan 




Diroctod Date Plan 





Pif;;. 15. "“-Sime^cost option 
Source s t ) 0 D c o .d NASA Guido; PERT COS^ ‘^ 



p . 102 , 



reduces safety inherent In act5.v5.ties perforraed in series. 
If similar' but not idontical projects have toon complotcd 
provioutsly, activities may bo eliiudnated, and decisions ax-e 
laado on Imouledge f-ainod from the completed portions. The 
use of nonspe iif io Imowledge may be quicker bixt it entails 
g3?oater risk. Costs for this plaii may rise frora the appli- 
cation of a higher level of effort on individual activities 



and increasing the number of activities porformod in parallel. 
If activities are elitiiinatedg project cost could decline but 
at the expense of increasing teclmlcal risk. 



It is Important to recognise that the Time-Cost Option 
Supplement is not a technique for optiin:ls5-ng the time-cost 
relationship in a project. It provides three time-cost-risk 
combinations from a range of possible alternatives from vjhich 
the customer can make trade-offs of increased cost for de- 
croased tirao imd vise-versa.*" 

A more complex approach is the Resoiirce Allocation 
Supplement. Ihis approach assists the project manager in 

p 

arriving at tlio mosi:, efficient project plan." VJhereas PERT/ 
Cost is designed for application in the planning and control- 
ling of an cnl‘5.re project^ the Resouro'- Allocation Supploiuent 
is designed for use in planning a small group of associated 
activities roj •resenting only a small pcrtioit. of tho overall 
project. Thii supplement rests on the assiurption that a.ctivitiv 



^Ibid . , p. 104 . 



^ p. 108 



*^0 

:ln a nctwoi’k o^e subjoci'. to tirao~cost trade- off f?,**' Undoz* 
this EiGthod I'-apioiis time-oost alternatives ere conotructed 
fox’ each activity in a gr-oup of lntej?3?olatcd activities. 

Any nuittbor of meaningful time-cost combinations may be os- 
tjjuatod by tho rospons3,blG cuporvisore. The tiiae diiration 
of an activity is chosen as that for tho 3,o';:est cost alter- 
native, Then by selectinig siaallor activity times uith their 
correspondi'igly h^ghor coots on ''ortain critical path acti- 
vities, time is bouglit on the critical path until the de- 
sirod combination ir reaohod, In ohooxing thich activities 
on the ci’itieal path to shorten, the slope cj? incremental 
time-cost relationoliip between estimates on oach activity 
on tho critical path must be doteminei. The slope is found 
by formulating a ra’lio of the inc:ccase in cest by tho decrease 

in tim3 that coem’e when moving to tho next lower time esti- 
2 

mate. Tine will t}i.on be bought along the cx’itical path on 
the activity with the sma3.1est slope. This method results 
in the selection of tho most efficient plar. for reducing pro- 
ject duration ':o a I're-sot target duration and is most useful 
on lirolted aspect networks, where the op tii)-; nation of re- 
sources is atoiWiipteO for only a smal3, group of activities 
rather than fo:* an entire project. 



Advantages and Djsadva itage -? 

The adrantaf.es of the PERT Sys tem pvg many. The 



MMd,, p. 111. 



^ 'Ibid , -> p, 3 09 
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essence of the tcclmique is planning. PERT -nethodology re- 
quires coinplo'be, s;> steiaatic planning of the entire project 
frora beginning to end. Each task of the project mst be 
analyiied in light of the project as a whole. The outcome 
of this thorough planning requiremont is a realistic plan 
xjhich iraproves the chances for the accompliifement of the 
project objeotive. This is most beneficial in the pre- 
contract stage V7here PERT servos as a eoiiExar-ieations tool 
for directing the efforts of the potonl-ial teaia members in 
arriving at their consolidated i>roposal. By carefully and 
explicitly defining the initial VJork Bseakdeom Structure, 
the team membors from vai»ious organizational departments 

have a coicmon foundation. Later, as the proposal develops, 

1 

the PERT netv:ork p.^ovides a common point of reference. 

Further advantages to the bidder in the pre-contract 
stage ares 

1. Provision for assessing the relative merits of 
alternative approarheo. 

2, Identifying key decision points and their as- 
sociated deadlines when formula,ting th'. propasal, 

3, Ei tablishing manpower roqt»,iremonts and the rate 
of laanpower b.ildu;p required throughout the program. 

4. Determining the critical areas c.f effort and test- 
ing the eff ec’ s of using additional re-' ources oi’ perforaiing 

1 

Aust;in Ilc-Sughj, Jr,, "How tc VJrito Bettor Proposals 
vrith PERT," Al rosnace I-Ianagement , January, v963j. P« 48» 
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fectivo aid for the analysis and ovaluation of proposals. 
This allows for a discipline to coinnmnlcats tho logic and 
reasonablenoso of proposed time sehedvj.es and rosoLirco es- 



schedules and rcsou?’co estir.iatea, en.d a standard for the re- 
assessment of original target dates and resource require- 
ments as set forth in the Request for Proposal, In preparing 
PStiT networks for this stage many potoitial problems which 
could delay project accomplislment may bo ro.realed so that 
early corrective planning action may be taken. Reevaluation 

prior to the operation stage can and eCten doef3 rGsi5.lt in a 

2 

more efficienl plan at less cost. 



management -by- Gi:cep’‘;ion at all lo'rels by focusing attention 
on those parts of the project that arc most likely to prevent 
its success cr prevent project completion according to schedul 



timatos, a common structure for better compcirison of time 



In the operational stage of a progrmj PERT permits 





and Bruce N. BaPars, A a Introdu cti on to 
1, s Richard D. IrvirT'^Cac , , iqbliT)., 



PERT/C PM (Horn- wood. 111 
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tb.ua affording oar.ly dotoatiou of potential problems, 0?hia 
perifiita conccntratd.on of executive ekill vihovo it will, do 
the laoat good and oliminatos iimc3i i’outines improductivo 
effort. Continuous noni toning reveals infor.aation on poorly 
used resources thus promoting increased efficiency. By 
identifying real time and resource requiremeats p PERT permts 
detailed scheduling and supplies critical and non*"Critical 
areas with funds ^ nanpotror and rosoiu^ccs, bnder~used re- 
sources can bo applied to critical arca.s thus making masciinmti 
use of men and matGi»ials.^ 

By periodically measuring actual accomplislrnionts 
against scheduled plans, PERT permits reevalaation and re- 
scheduling of operations so that objectives can be met on 
time vjith rain;im.um additional expenditure, Alternatix’’© plans 
and schedules can be sinmLlated without actually changing or 
disrupting the existing plans and schedules. This capability 
adds a measure of project control and evaluation with un- 
limited possilillties tlirougho^ifc the 15 fe of the project. 

The PERT/Cost feature of the periodic evaluation ga.ves tighter 
cost control by pe.rmitting coot effoctiveness evaluation of 

the work package and summary cost levels resulting in mini’mum 

2 

coots and maximura profits, 

S. p Deuartmont of the Air L'orco. Air Force Systems 
Commasidp US.4F PERT ./ TIIIS Systems D es cription 'Manixal (V/ashington 
D, G,t Air Foroe^^yotol!is^ p ppa 

^Ibid. 



PERT is not vjithout disadvents'gos. On© ppoblcm is 
poor application .0 A frequent oorapXaint in this area is that 
PERT notvTorhs tend to be too coirpicy. ai.d produce o:a overabrui*- 
dance of information vrliich cannot be uscfvij.ly digested." 



Theso complaints may be true in individual cases , but they 
are largely due to careless, improper, or poor application. 
Large networks containing several thousand events are comploz 
to anyone 5 a comnany that periiiits tlris is operating under the 
misconception that on entire program East be integrated into 
one gigantic chart. If the PERT netwo'.dc is to represent a 
plan for accomplishment of program objectives, tlie network 
must be easy to road and understand. The volume of computer 
printouts and unfamiliar data such as variances and standard 



deviations does rep:, osent an overabundfuice of undigestable 



5.nf ormation to the minformed managox'j consequently, PERT 
training for the manager is a prerequisite for its vise. These 



shortcoEiings a .•‘o faults in application and not woalaiosses 5.n 
the PERT syste i. Successful implcmontatior rests on the edu- 
cation and cooporat5on of managers, PERT was designed as an 
aid fox' docisi-m marring to compiemont o;id.stiug management 
techniques, nol; to replace thcm| therefore, PERT mast bo con- 



sidered in its appl:» ce.tion in li^at o:t‘ other 



ment procoduroa. and systeras 



individr.als , 



existing manage- 
executives, and 



wait or I'layi’os, ”V/liat*a VJrong uith PERT?”, Aerospace 
Management , April, ?962, pp. 20-25. 

'I'lillo’*, Schedule, Cost, and ? 3 . ofit Control with PERTj 

p. 172 . - 



supervisors iUASt nob bo bound to old static laethods of 
raanagoraent uhon utilizing tho d^ynaaiic PERT system. 

Another coirplaint which appeases to have some vali- 

'I 

dity is that }?ERT tSiue estimates aro froquonbly inaccurato,*" 
This is somot.haes truOp for a timo estimate is only as good 
as the experience cf the person malting it, Firx’thcmore, in 
certain areas of operations such as researclx and dovelopraent 
whore iitw products aro being developed on the fringe cf tech 
nological progress and state of tho artp accurate time esti- 
mates are indeed difficult. However, even here oorao time 
estimate is better than none aiid PERT is tho only management 
system TJhich has a probability expreesaion which shows tho 
relative uncertainty of tho tiiTxo est5mato. 

Another cawplaint is tho cost of implementing the 
2 

PERT system, Hhirte some PERT applications, particularly 
those that wero pcorly applied, may have proved rather expen 
sivo, studies of epplications by large contractors put the 
cost of implementation of PERT/Timo at 0,2 to 1,0 per cent, 

O 

and PERT/Cost at ?. to 5 poi’ cent of tonal p:> ogi-am cost.*^ 
These same studies indicate, however, that over the life of 
the px^ojeot, tho resultant savings from PERT implementation 
more than compensato for the additional cost of the system, 

^Haynes, ’’idiat's Wrong with PFTf?", p, 25. 

^'h.ll3r, Schedule, Cost, and P?ofit Control with 
PERT , p, 61, *“ 

^Ibid , 



p, 121 



CH/iPTER IV 



PROJECT TIlffl-COST OPTIMIZATION 



B ^ kgypund and Assumptiona 

Tlioro 5.S an underlying philosophical assumption that 



time is raoneyi thai; is, time can be converted into a monetary 
value and exprc>ssed as a unit of cost. For enamplOj a man*s 
wages are dcterrd.ned by his worth per unit of time of irork. 
For a project, there is a definite relationship between the 
total cost of the project and its duration. If project diu'’a- 
tion is indefinite, then costs will continue indefinitely. 

If the project is expedited, costs will inci’case. This re- 
lationship is shown in Pigin^e 3.6. The essence of the 



Total 



At some particul'ar duration 
3 inl: 



Cost 



Project 



rise if the 
project is 
crashed 





is pro3.ongod 



Project Duration 



Fig. 3.6. —Pro ject time-''*ost relationship 
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rolationahip Is that, project cost is e neasvro of project 
resoto?cG expendlt’orosj raen^ materials and tjrce can be mea- 
sured in tc?mis of co.sts. 

Slack time in a netnork-based sysbc’'.'. is "dead time" 
since most resources available for porformirg the associated 
activities are unavailable for u.sc during that slack time. 
Along the critical path, the project plan requires a specific 
level of resoiu’^ce allocation to perfox^i the job, With the 
critical path being the longest time path, there is inherent 
slack built into th ) other paths, ITaecofoi't , there is a 
direct variaiice beiucen the tiiae length of the critical path 
and other paths, the variance being slack tfmo. Thoro is 
thon an economic trade-off which vjill perferm the project 
most Gfficiontly an.v'l thereby reduce the total project co.st. 

It is rcasonablo to assurae that activity completion times on 
the critical path cm bo reduced by tli3 add:"tion of roriourcos 
(labor, equipirent, or both). Ifeether t-ho cost of these addi- 
tions is G cone flic ally dosirable in relation to cost inciu'*red 
is the essence of the time-cost trade-off and the decision 
of tho project manager. 

?:lrae comprer.sion involves buying tii^o along the cri- 
tical path at ninin ua cost because a primary objective is de- 
termining the optira’iiii allocation of rcjoui'cr s among the ac- 
tivities to meet a i'equired project dii nation, or to create an 
optimuiu schedule. In considering tho redtic Lion of an activi- 
ty's duj’ation, the effects of increasing rceourcos measiirod 
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by costs (capital outlay) on duration must bo dotcriaincd. 

Total cost of a project can bo classified as tho sujti 

*1 

of tvTo separate costs-- dii’oet and indireetc" Direct costs 
aro those that include items of direct labor and materials 
whereas indirect costs include supervisory costs and other 
overhead costs such as curculativo interest costs on tho in- 
vestment, and penalty (or bonus) costs for completing tho 
project aftor (or before) a specified date. ' It is generally 
aclmoirledged that the direct timo-cost trado-off curve is a 



monotonic ftinc.tion with tho dependent vai’iable (cost) doeroas- 

ing throughout its range as the independent vai’iable (time) 

•a 

increases as shovjn in Figure 17» In tho thue compression 



‘ Total 

Direct 
Cost 

f 




Pig. 



17 . •"“Convex time-cost curve 



to be discussed in this paper, the following time-cost curve 
is assumed to bo a pioce-xjiso linear function (Figure 3.8) 

1 

Hodor and ??hil3.ips, Projoct Hcaagciunt t?ith GPM and 
PERT , p. 8. 

^Ibid , 

Martino, Applied Operaticnal Planni ng, pp. 
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Activity 

Direct 

Cost 



Activ5,ty Doration 

Pig, 18. ~“>ri©ce-TJiso linear t:'jae~cost cm’vo 

which is a very close approximation to the convex time-cost 
ciirvo of Pig\n;*e 17c it is further assumed tho.t time-cost 

tr ado-off points vrill lie on this pieos-vjisc cvir"v70 emd that 
activities arc independent in that buying time on one acti- 
vity docs not affect tho availability j, cost> or need to buy 

2 

time on some ether activity. 

Indirect project cost increases as project duration 

continues. If supervisory overhead weeo tbe only indirect 

cost 5 the graphic representation would be a straight line 

function vjith tlio 3n.direot cost line iioreaG5.ng with a slope 

equal to the daily overhead charge as illustrated in Figure 
a 

19. However .0 when there are outage 3ossos as a result of 

penalty costs for orerrem* or losses an profits duo to tho 

•i 

“ModGr and i’hillips. Project II mage vent vjith CPII and 
PERT ^ pp, 123"i25o 

^Xbid , 

O 

•^Martif.io, Af -plicd Operational Plan rdxTigy p. l\.2.. 
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\ 

1 



Pig. 



Project J^ipation 
19o "-Total project indirect coct om^vo 



f inability to moot deraand, then a corresponding cost increase 

I 

iimst b© added to overhead producing the curve illustrated in 
Figure 20.'*’ 




In thi.o paper it is assumed that project ind5,rcct 
costs can b© doter3ri.ned by existing arc junting procedures . 

In order tc understand tiiiio^ocxnjjression procedures^ 
the follovring benus ore explicitly dofiiods 



Aetj-Vipy diA ' ect cost ; the cost of materials, oquipraont 



^Il3id. 
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and labor required i-o perforja tho specific activity* If the 
activity is being performed completely by a subcontractor j, 
tho pri<^e of the subcontract is tbe activity direct cost. 
Pro j ect indr ^ rect cost s project overhead costs to 
include supervisionj interest charges on cu .alative project 
investraent, penaltic-Sj, or bomses. 

normal Time (IJT) ; tho shortest tim.o reqii5,red to per- 
form the ac'f'-ivity render the constraint of vrdnimva direct cost. 

E.-?iq)ed:ltQ Time (EQ?) ; the crash time or absolute ix?ini“ 
mum amoxint of time in which an act5.vitv can bo accomplished, 
Nori7ial Cost (NG) s the absolute jiiinitium of direct 
costs required to perform an activity. 

Espoditc Co^t (EC) ; the lainiraim direct cost required 
for accoraplishing sr activity \ander tho constraint of miniEiara 
thne. 



FeasibiLe t:h . .e-co3t points (FG^ P^T) ; any combination 
of time-cost p ;ints that can be scheduled. It is assumed that 
the choice mad) is cpt3mal| that is, the dir.oet cost associated 
with a stipula ;©d activity timo is tho lowest possible direct 
cost fo 2 » that ;ime, and corresponding!;/, the activity time is 

X 

tho lowont po^ssible for a stipulated direct cost. 

Sc hodul o Tirae Comprcpsicn Analy sis 
Under ordiiuiry circianstances, ;i project would not be 
scheduled for .i longer duration than normal duration t5jrio| 



1 



PERT, pp, 



Ho dor fuid 
io7-:'.27. 



Phillips p Project lIrnagc. Asnt with GPM and 
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hoiTCVorp a project >:ay bo rcplannocl. aiii rcsc'aodulod for a 



shorter diaration tir e for ono 
1, 0?o do or o as o nomal 

tr actual purposes. 



of tho following reasons g 
project diu»at;lon for con~ 



2. To obtain dGcision^raaking Information on tho eX' 
tra cost inciirrod possible project duration reduction. 

3. To meet an arbitrary specified doration t5.me. 



or to arrive 
minimise tot a 



at an optimal schedi:lc for a project so as to 
1 project cost mid ma?dM.s© profits. 



Tho provisif ns for timO“>cost tr^ade-offs included in 
the CPM and PERT netvxorh-based scheduling methods nere dio-> 
cussed in Chapters 11 and III, Schodul'.o ti e reductions for 
ari’iving at optimal project schedules <;an be made using CPM 
procedures discussed in Chapter II. Minor sohodulo tisio re- 



ductions for opt3jd.;?lng selected activities can be made using 
tho Resource Allocation Supplement to t-ho P)ddT method. The 
following time eomproscion analysis is applicable to both 



CPM and PERT systems provided tho assuuptione previously 
listed are mado. The results of appll(:atio:i of tho method 
will b© relati'i’ely accurate and timely information which will 
aid project m.'uiagcmerit in making decisions for project tiiao- 
cost optimization. In performing a ti-vee coiuprossion;, a total 
project cost crj?ve is obtained by combining the project direct 
cost ctirvc vritJi. the project indirect cost c’^tv©. The project 
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total cost owrvo is a graphic represontaticr of the ratio of 
change of cost to time. An optiJnal schsclnlc tiaie-cost rela- 
tionship vrill oxis b on thi.s ciirve and is de:fi.ncd as the 
schedule which satifif5.es all sc.heduling rGt>irictlons thv.s 
making it a fcasib3o schcdun.e and f\,irthop pioduccs a lower 
total cost than any other schedule molij.ng it optii'Bal* 

Beginning with a network-based time-oriented schedul- 
ing system, each activity is assigned a tam.e for its successful, 
accomplishment. Those activity time e.'rtimates are of paramount 
importance in scheduDLing large pro^ect*j end are based on tb© 
best oxpe.rience and Imowledg© available at tihe tirao of the 
estimates to represent normal time as def5.nrd earlier. A 



corresponding expedite time is also debermined at the same 
time as NT with associated direct cost estimates for each. 
The procedure In ut.^.lizing these estimates 5 s to assume a 
linear relationship bettiecn the NT and HO point and the ET 



and EC point. If this is done, a pieoe-wi&e linear curve 
will x’esultc The basis for project sc3iadu3ing mid time com- 
pression is the esi'tjfiiatod time-cost fuictionj thoro.fore, 
oi'^roneous estlratos can result in a sovios of act5.vities 
being termed critical when they are not, 

Onco thus eotiniates are made, the critical path is 
selected usilrg'. methods discussed car3,io:c*. Now each activity 



on that path rxst b.i ana3.y3ed to f5.nd which actc.vity has tho 
3.oast time /cos b ratio. The act:lv5.ty Ti?lth the lowest ratio 



is reduced in tirae by a predoterriiined rlncrcmental amount 



1 



6ii. 



The critical path ia checked to insiiro that ;‘it i*cmaino cpit- 
I ical. This proeeduve is continued ^^ntil the cnitica.1 path ic> 
maxird.J2ed| that is^ until tho actl\.'ities aro reduced to t’->eir 
expedite times or another pe/oh bocomos critical at vjhich tiUne 
the loX'7est tiiao/cost ratio of the mltiple critical paths is 
reduced. After each reduction^ the now project direct cost 
is calculated and plotted on a graph. The ultimate desired 
result is shown in Figure 21. This desired result is tho 




Pig. 21, --General project tijiae-co.it relationship 



I optimal project schedule vjhich occurs as; tho point a-Jliore total 
cost is lca.st. This optimal schedule 3 0 then uned to plan, 
evaluate. *in<' control the project in the PERT/CPM ma).iner 
described earlier, 

A.S ail <^xainpls of tho time compre^saior. procedure, con- 
sider the network below in Pigun’o 22 with tho data given in 



Table 3 
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TABI^: 3 

COST-l'II-TS DATA 



> 11 iri- IT ui 1 riT ^ . rnri-i ai T i r i nrr. i ■ t nr l.-~ 


Actlvi’^y 


r » i fi 




ET 


EG 


ag7^‘ 


A 


:i 


200 


1 


200 


•=» 


B 


5 


300 


3 


400 


50 


rt 

V/ 


7 


400 


5 


800 


200 


D 


5 


500 


2 


980 


160 


E 


6 


200 


3 


500 


100 


P 


3 


700 


2 


800 


100 


Cr 


6 


600 


3 


1.200 


200 


H 


6 


300 


4 


400 


50 


I 


a 


500 


5 


650 


50 


J 


1 


200 


1 


200 








3.900 









I 

I 
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The above i:etx? 02 ?k i^eprosonts oithei* a small pi'‘oject 
or a work paokage of a large project. The activity time es- 
timates, direct cent estiiuates and critical path were arrived 



at using tho methods discussed oarlior. The reader is remind- 
od that activity time-cost curves are assumed to be linoar and 
continuous betiiecri RT, NO, and ET, EC. Prom Figure 22, the 
critical path is scon to consist of activities A-P-E-H-J irith 
a project normal olirect cost of $3j>900y and a time duration of 
19 days. If a timio compression is considered, the project 
manager will oe supplied with useful decision-making informa- 
tion for his *aso in arriving at an optiriusi schedule. 



If a time comxprossion in inoroments of one day is per- 
formed, then from Table 3 activity H on the critical path will 
give tho cost increase of pox* day. Activity H can 

be reduced two days at a total direct cost increase of $100 be- 
fore reaching its expedite tiiae lirait as shorn in Figure 23. 




Figc 23 .— •So\’’entecn day projtict schedule 
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kQtxvxtj i3 noi? becomes the loact cort activity tov 
tiaio reduction. It has a time-cost ratio vrl.uo of 5^100 
ifhereaa aoti^'ity D 3ins a valtie of vdiil© activities A 

and J cannot be reduced. Activity B can bo reduced tno days 
at a total direct cost increaso of $2CD before rialtiple 
critical paths are rUicurred as shot-jn in Pigrro 21-j., 




Pig, 2lj-, --Fifteen day projoC'; sclisdi?.!© 



At tlii'i point in the timo compression, activities E 
and II form a p.irallol critical, path irit-h activity I, The 
possible time reductions of the critical poth are now a dual 
reduction of e\({t5,vitiGS I and E at a cost of $1^0 per day or 
a reduction of activity D at a cost of $160, Activity E can 
be reduced only one additional day bef<;ro reaching its expe- 
dite timo lini’’-. Since the act5.vity E* I cost slope is 3.ess 
than the activity P cost slope and the. efoi-o optiiiial, the E 
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and 1 activities arc i-^educed one day, giving a fonrteon clay 
project schedule. />t this point, multiplo critical paths 
aro again reacliod ar shovTn in Fig’iro 25. . 




Pig. 25. ““•Pour teen day project scl.odule 



S5.nce activities B and H aro hoih co'jpressed to thedr 
expedite tiiao limits, and activity I cannot be further oom“ 
pressed XTithout removing it from tho critical path, they aro 
dropped from further consideration. Possible reductions in 
tho critical path must noxj come froxa the combinations of 
activities B and D or activitios D and jJ*, Tl?o B and D com- 
bination has 0 cost slope of $210 vjhiln tho B and P combina- 
tion har a cost slopo of $260, The B and D combination is 



optimal and ro'lucod ono day until furth >r imiltiplo paths 
occuji’ as shown 5.n Piguro 26, 



Possible further time reductions includo tho H-C-D 



■■-sssesk* 
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Pig-, 26,-’"-ThirtGen d- 3 .y project Qchodulo 

cosibination and ■’gIic F-C-D combination. 0?ho i'ormer has a cost 
slops of and tho latter, $k60s the former, being optimal, 

vrill bo reduced one day at which tirao Activity B will reach 
its expedite timo 15iuit and will bo excliidod from further 
consideration. One fin‘the?? redu.ction of one day of tho ac- 
tivities P-O-D, which are the only roma Lning compressible 
activities in the critical path will result rn an eleven day 
schedule. At that point activity D rea'dies its expedite tinio 
limit thus presenting furthor time comp: session of the network 
since the critiT.cal path of A-D-E-F-j ± 1 ^ at expcdlto or crash 
tine. The fir-.al network is shown in Figaro 27 iii which all 
paths aro no’w crcitical. 

Tlie stops in the time compression arc sixffimar5.2od in 
Table Ij.* I'his example, it is assumed that an ilndilroct 

coat of $5f000 for a nineteen day s died lie is assigned to the 
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project work package vrith indirect: costs 5,ncreasing $100 por 
day for overages and decreasing $100 per day for duration 
reductions. 




Pig, 27c~“Elovcn day project sclioiule 



' TABLE 

i 

' TBffl COIIPHESSION DA'i'A 



■ ■ 1 ■! 1 L II . 1 * . i«i <iPiii iili p ph.iiii- i. il phmm i i l■lllla ■piiin ii 


Project 

Tiiae 


mrect 

Cost 


Indirect 

Cost 


Total Project 
Cost 


19 


$3»900 


$5,000 


$ 0,900 


18 


3,950 


lj.,900 


8,850 


17 


l!.,000 


1J..B00 


8,800 


16 


i..,100 


4,700 


8,800 




200 


4p 6oo 


8,800 


ll-l- 


iio350 


4,500 


8,850 


13 


l;,56o 


4,400 


8,960 


12 


k >970 


4,300 


9,270 


?-l 


5,l!.30 


4,200 


9,630 
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Tlio infomation in tho table tjould be invaluable to 
the project r-ana^er in rdalring a decision as to the optimum 
project schedule,, It can be seen for this o^cemple that the 
optlmujTi dxiration is fifteen days vrith a luinl-ium total cost 
of {p 8 p 800 . 



Resource All ocat ion S u pplement Application 
~t o bmpr ess x c n 

This tijfae comp 2 ?ession method was performed in the 
sarao manner as the CPM project duration), reduction method 
discussed in Chapter II, It can bo as readily used with 
PERT in onc-of-a«>typG or research and development projects 
where there is a high degree of imcertainty in estimating 
normal and expedite times. The vehicle through vjhich tirao 
compression can be applied is the Resovo’ce A'j location Supple- 
ment explained in Chapter III, 

Since the Supplement is based on tho promise that 



’'activities" in a not’work are subject t> time-cost trade-offs, 
selected time-cost eoiiiditions for least cost and least tiiue 
vrith their respective time and cost complements can bo ascer- 
taincd,“ The basis of the premise is t3ie asrumption that ac- 
tivities can bo perforiiied or accomplishod in one or more ways 



with the altorj'.ativo ways having varying time durations and 
direct costs. By apply5.ng this techniq\ie norraal time, normal 
cost, expedite time and expedite coot values , consistent vrith 
the definitions of those terms stated ecurlier in this chapter, 

^' DOD and NASA Guidos PERT Cost , p. 109. 
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are easily obtained. Once those values are deteriained, the 
time coisppossion cex proceed as described. 

Pro;]G c t Time^Gost Curve /ma?..ysi s 
The ti»iO"COPt curve :ln the time compression method 
was assumed to be a continuous picce-xfise linear fxmetion. 
This curve with its corrospondinc: a.ssumption, is actually 
quite accxirate. 

The actual relationship be-fcween activity direct 
costs and time is a conves: curve as sho"Jn in Figure 28.^ 




F-* 






■:ig 

tiiue^cost c'orve 



«-~rieco- 



■v?ise linear approximation to convex 



The curve Is convex or dox-mwtird sloping to tho right follo.’.lng 

2 

the law of dox^DiWnrd sloping demand, Th'uSj if a minimum time 



1 

Modor and Phi3.1ips^, Pro.ioct Manageme nt x-7ith CPM and 
?ERT |, p, 12l{.. "" 

2 

Paul A. Sa-muolson, Economics t A n Intro du ctory Analyst " 
(6th od, I Nex^ York? KcGrax-r-Hill Book O'.'mpanj’y 19S5)7" P» b9» 
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constraint is placed on an activity with liintted rosoupces 
availablo for its ccmpletion, tho cost of the activity in- 
creases, In Figure 28, the actual curve is approximated by 
a piGce-wis© linear ciirvo with each picco being treated as 
a separate activity or pseudo-activity. Tho actual activity, 
A, in tho project nctirork, is replaced by three psoudo- 
activities, and A^ dravm in series. Tho normal and 

expedite t5.me-cost point coordinates for each pseudo-acti^^^i'^y 
are given in Table The s\ua of the pseudo-activities, 

TiiBLB 5 

PSJDDO-AGTIVITY COI-IPUTATIONS 



Pseudo- 


■ irormajT' — 


EtcpedTilTe 


Timo-Cost 


Activities 


“i'ime 


Cost 


Time 


Cost 


Slope 






0 


d 


AC^ 


AC^/At^ 


Ag 


Atg 


0 


0 


j 

1 0 - 
<1 I 




A 3 


At^ 


% 


0 


Cjj^-AO^ 


AC^ /At^ 


Total I A 


Dodf c,t ^ 
A V f ;!■ At*j 


s 


d 


AC.,+ 

ACg+AC^ 


‘V«D> 

•05i“dr” 



A^ , A^, ajul A^j, gives tho u’holc activity. A, and tho cum of 
tho cooredinater- of t’.io normal and exped; te pc>ints for the 
paeudo-activitr 03 givos tho coordinates of the samo points 
for tho uholo octiviby. 
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In a -iiiiiQ empires Sion, time reduction is begun at 
the normal tine and cost point, or coordinates (D,Cp) i.n 
Pigi 7 . 3 ?e PQ; thus, al,l pseudo^aotivibies or pieces emanate 
from this point. As the time compression progresses, the 
psGudo~activit,ies o:?e talcen in the order of Least cost or 
increasing cost-^slopes. 

The acicviraoy of the piece-wise line.-A:-? appros2jaation 
has been proved througli esperienco gained from years of use 
by such agencies as the National Aeronautics and Space Ad- 
ministration and C-iil-I-R, 

Even thou(^i tho results of tho 15 ,no£ir assumption are 
quite accurate, it mst be remembered that in compressing 
tiBie if uhe straight line relationship is not valid then the 
compression sequence would not be perfoinned at minimum cost. 
If the assuiiiption is valid and the appj?ojrimation is very 
close to actual values, then an optimal schedule vjlll result. 
An absolute optiimuii schedule cannot be obtained unless tho 
truo timo-cost function for project dirset cost is knoim, A 
true time-cost fun<ri;ion has not yet been formulated and will 
not be formula bed tmtil the activity cost factors related to 
time and the resultant activity direct costs are studied and 
defined. 

Time Compression Problem Area s 

Thougli a ti'ae compression may be accomplished to 

^ 'Tho G ALC i ystom (Bethesda, Md. s 

1968), pp. 29'^'fi}., ’ 



G-F-X-R, Inc., 
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succossrally optiir.iso o, schodule using assuived polationsliips , 
thore apo Klio''.''tcoi'Lmg5 to the aiethod, Ono ppohlcin is that of 
resource li^nitation or scheduling to a roscurco lii'fiiite Qiis 
situation oocnrs V5hon manpower, materials, or equipment is 
limitod causing an upper boundary lirait to bo placed on man- 
powor, equipment, or materials available for project schod- 
uling, VJb.en resoiu'so restrictions lim:lt the activity expe- 
dite time elose to or equal to the av^tivity normal time, then 
this rostriction could be the detorroining factor for the cri- 
tical path oirl unduly ertend project duration. V/hen this 
occurs, a time compression will not be a very beneficial tool 
because it does not provide for this problem. The, task facing 



the project m;inage:? is that of reassigning resources from 

slack activities to the critical path so as not to exceed 

\ 

the resource limit/ 

A second problem not provided for is that of resoLU'co 
leveling with a constraint on total project duration t:lme. 
This problem invol~os the fluctuations in resource needs 
from on© time period to the next. For example, if for a 
particu.lar pre ject the manpower requireriionts per tanit time 
are summed alc-ng the project network, manpower loading 

p 

chart iji Figus.'“e 29 results, ” 



‘\lodo3: and Phillips, Project Manageiiont with CPM and 
PERT , p. 93. ' 

Schedule, Cost, and Profit Control with 
PERT, p. 115. 
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Pig. 29.“~I'JaBppT?ei* loading chant 

Most organisations , large and sraallj cannot tolerate such 
lax'go fluctuations of raanpouor during a single project 3Life 
span. This is certainly time qualitativToly 5.f manpower re~ 
quii*ements are heavily weighted toward professional employees 
such as scientists and engineers v;ho are generally not avail- 
able for intermittent short periods of employment. The 
obvious desired level of resource utilisatioj i xrould bo a 
slow buildup at project commencement xfi :h a gradual decline 
to’ward project tendnation. 

The problem reduces to the continuous, efficient use 
of rosourcos f irougJjout the life of the projv?ct. Rosovreo 
needs from one time period to the next <'vro not 3.ndependent 
because a project may demand the use of key osoixrcos such 
as experienced supervisory personnel, specially skilled 
tradesmen, and part:" cixlar types of equipment througliout the 
time fi'‘ame and in various activities sl’raltai eously,^ This 

^iggs and Heath, Guido to Cost Redaction through 
Critical Path Sohedul5.ng , p, 1^, 
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deiiiand must bo kept xjithin the available supply at the saiao 
tirae satisPyin^ the constr'aints of time and cost. The time 
compi’osslen cloc.tS not considcs? tlrls but loaves the pesounc. 
leveling problem to bo resolved after a:a optrlmal project 
time^cont rblationsJ- ip has been ostablishodo If rosovipc© 
constraints prevent the project manager from utilizing the 
results of a trjjio corapression, then on optimuja tirao-cost 
project schedule is a dreoiu. 

One other shortcoming in the time compression provi«~ 
Sion is its failure to consider tho optimum use of sla,ck 
time fox* an activity. Vflien an activity is begun, funds for 
that activity mst be coramittod. Here, a dichotoiijy in project 
tim©“Cost opt:Uiiizat;lon via tiiae compression exists s optimum 



cash floH would suggest delaying tho start of an activity as 
long as possible without delaying the project, thus obtaining 
tho majcimiUTi utilization of oi'ganizational capital. The prob- 
lem of optimum cash flovr and its dot orr,j, nation is fundamentally 
in opposition to thet of optimum projeci; timi'ng. V/ith cash 



flow, project managemont prefers to spend fuuds as slorrly as 



possible wh;ll6 maintalriing a prodoter^iiiied amount of progress, 
and, from a ti/ Ing rtsndpoint, to fini-'li each activity as. 



1 

quickly as pormlblc. Project msnagerac’} it mus’t therefore make 
a preference fer tho location of slack ’Ui an activity. This 



\ 

A. V/, V/ortham, "Project Gash Plow ar d Probabilistic 
Cost Determinavion" (unpublished papere, Dopaitment of Indus tria* 
Engineer iiig, Texas ; & M University, 
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prefei’enco cainot alimyra bo mads, houcvci*, bocauso tlio 
problems of x*ssotD;‘CO leveling and sehoduling to a rosourco 
limit ixL^j dictate tlio location of slacbo In either ©vent, 
time compression reduces slack time by shortening the 



critical path. As the time comprossion progresses, slack 
throughout the project is reduced, thus resu^lting in the 



possible coim^itment of activity 
cost of f'lmds neodod to finance 



fimda carlio:.' in time. The 
the uutivities and coraploto 



the project are auioluded in the project ind:l3?ect cost, HoW“ 
ever, an analysis of indirect cost rates per unit time 
measured against potssible savings of invostmont costs due 
to delay of activity start tiraes is not ma.do. It is possible 
that savings in im'ostment costs raay exceed ^!avil^gs inciirrod 
by compress5,ng the rchedule a unit of time thereby saving 



one unit of 5.ndirect cost per imit time. 

The ti^o compression provision may cc>nsidor this 
problem but only after the compressio.n Jias been performed. 

Since funds ai'«-) not usually available iu one lump s\ua to 
cover the entire project, the funding s<jhedu.le should be 
considered as an integral part of the t:lme compression process. 
If this considoratj cn is not made, the project may not be per- 
formed at roin^iutra cost. 



It is i;ho purpose of this report not to present solu- 
tions to tho problems of resource leveling, ochedailing to a 
resource Ifmit, and optimum use of activity .‘ lack time, but 
to indicate that t>-.oso considerations are sboptcoirdngs in 



I 

I 



I 
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the provisions for- time-cost trade-offs 
soliodulins optimiacition by moons of time 
those considci’f.tioris are a hinde^’anco to 
better tiiuG compression techniques. 



oTjard project 
compression. Indeed, 
the development of 




I 
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SCimRY ARD GORCLUSXOIIS 

At tho beginning of this x^eporl- ifc i-as stated that 
tho throe fi^Klfjncntal tasks of a project manager recog- 

nition of a goal, opgani 2 ;ation of resom’ces for goal accom- 
plishment , and porfcrmance measurement. To control a project, 
all three tasks must bo coordinated into a jnaster plan tJhich 
v?i3.1 complete the entii*e project in the best time, at the 
least cost, with a .ndniiiiom of risk. TJiis m.'? store plan must bo 
flexible and dynamic to provide for? Sj-maodilate revision or 
update should aucli bo nocossaryi simulation of alternatives 
in cost and tiJie in arx’iving at the bo^:t plan| evai.uation and 
communioation of alternative estimates. The PERT and CPM 
network scheduling techniques discussed in this paper are 
instrviments which provide management with tho moans for ac- 
cojnplish5.ng th5se fivndamontal tasks. 

An attempt has been made to tr-.-,ce the development of 
network-based s.ched. llng systems. The historical development 
of tho Critieu'i Pat}-> Method and the Program fiX?al.uation and 
Review Tcchniq lo t;a.3 presented with cm])hasio on basic px*inci- 
ples, methodolv)gies, and provisions fo’ tiiro-cost trade-offs. 
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Only these two systems wore discussed bocacse all o:*:iDting 
network systoins have originated frora fherd. The significant 
distinction between these tv;o systoras is the method of de- 
riving activity time estimates. Several governmental agencies p 
notably NASA, have combined these two systems under the 
general title of PERT by using a single activity time esti- 
mate characteristic of CPM. ^ 

The advantages and disadvantages of CPM ond PERT vjore 
listed and analyzed in light of their benefits and liBiita- 
tions. The provisions for time-cost t.eado-offs included in 
these systems wore reviewed and appraised, A critical analysis 
of significant assumptions , benefits p and shortcomings of a 
schedule tiiae t;oiaprGi.sion as a means for realizing an optimum 
projoct timo-cost rolation.ship was conducted and a time com- 
pression vms Jllustrated. In doing this, the critical path 
of a small project tias found using GPM/PERT methods. Each 
activity on that path was analyzed to find which had the least 
time /cost ratio. The activity with tho loirost ratio was then 
reduced in time and the critical path again checked. This 
procedure contin'ued until the timo roducticn on the critical 
path Mas maximized. Each time a. reduction vras mad© the cost 
of the reduction mqs tabulated. Those costs, when added to 
project indirect coat, yielded project total cost figures. 

These costs vjhsn platted produced a total cost c\irvo from 

Hloder and Phillips, P 2 *oject l.anagoicent ^’ith CPM and 
PERT, p. 7. *“ ’ ■ 
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which ■’cho optimal pv»oject timo~cost relatior ship could be 
deterrained. This condition occtirs at tho rdniraom point on 
tho curro ana uepronents the point whoj/e the gi'^eatest time 
benefit is received fox'* the least total project cost. 



Cone lUvS ions 

Tho applicability of osisting netwc'rk systems mst 
be determined. The evaluation of a program that is in opera"* 
tion is an important and difficult task for project manage- 
ment, Hetworh scheduling systems like PERT and GPM imst be 
evaluated as yrograi-is by project management in light of their 
operation as management information and decision-making sys- 
tems. These systems are not panaceas, The;v will not in 
themselves produce ijrofit. They cannot be picked up in their 
entirety from textbooks or manuals and installed uithotit 
adaptation to the ox'ganisation's needs,. No network scheduling 
technique is universally applicable. These systoros must bo 
modified and integrated with other management information 
systems currerbly existing within a oo-apanj?. Once intogi^ated, 
the systems are most valuable as decision-making tools. They 
should not be ‘ased primca^ily as a means of providing histox^i- 
cal data for evaluation after the fact, but as a means of 



providing information for 



decision mrking boforehandp 



a.t t}x3 



point of actici. These systems supply a moans for thorough 
and reliable p Lanni:':g and control by a llovring a visual pre- 
sentation of pxegrers to thoso who mus ; make douisions. 
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As a result o.f this study, the rollcvjing conclusions 
are reached concerning the provisions for tine-cost trad-e- 
offs inclxidod in nottrork-based sci eduling .systens and how 
they can be applied for projec-t tiBie-cost oi't5jJii2ation<, 

Tlioi*© is a direct relationship betX‘’"CGn project dura- 
tion and total project coste VJhen project curation is reduced, 
to a minjjman, project costs increase to a nrxiBiura, Project 
total cost Is the sura of project diroct costs and project 
indirect cost^’, thereby relating total cost to timo. 

The assumption that a continuous pieco-wiso linear 
direct cost ctu‘ve is a close approximation to the actual 
convex direct cost curve is acceptable , By consenting to 
this assurapt5,un, it is expected that timo-cost tra.do-off 
points will be on the piece-wise c^arve. The danger of this 
acceptance is obvious s if erroneous points are selected, ac- 
tivitiOvS could be torraed critical t-xhen they are not and a 
rainiraura total project cost woiild not be reached. 

Both PERT and. CPM provide the means for identifying 
time-cost trade-offs. By using the CPa-I project duration 
reduction moasoros and the PERT Rosourco A53ooation Supple- 
raont, a project; time compression can be performed on any 
project notwor’e. Tlis timo compression method inc2.udes tho 
best features of PERT and. CPM and offe:.’S a Boans for project 
time-coot optimisation. 

Tho as3ximption that activities are independent in a 
project network to 1-he degree that buying timo on ono activity 
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does not afreet the availability^ cost, or need to buy time 
on sorao other activity is acceptable only in a rostrictivc 
sense. It V75.s shoim that the t;b'ae coiavression method docs 
not consider the problems of resource levelSns, and schedulins 
to a resourcG lirnit until after a tiiiie corapression has been 
completed. Therefore, theso problems could be the determining 
factors of the critical path and cotild unduly cstend the pro- 
ject dvr'ation. The result of such an extension is that an 
optimum project tiiie-cost schedule carnet be doterminedi heir- 
over, an optinial schedule under the iiaposed restrictions can 
bo determined. If the restrictions ai-e toe severe, the benefit 
of a time compression TJill be negligible . 

A serioab shortcoming of the time compression method 
is its failure to ir.cludo provisions for project cash flou 
thi'ough the optimum use of slack tiiBO, Depending upon pro- 
Ject duration and the time unit used in the tiiue compression, 
large exaggeration in indirect cost raoes could be mad© and 
used TJhich uould result in something more than miniaruiu project 
cost. It couli be that project cash flow through the optimum 
scheduling of slack time would result :.n a total project cost 
les.s than that achieved by the time conpression rdothod, 

Vihon l:s as luaptions are satisfied, the time compros- 
sion method ir? a most powerful tool for* project management 
which vxill res lit in increased project offioioncy and cost 
control. Although it does not provide the project manager 
vxith the optim uu project time-cost sclu dul-"*, it does provide 
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hin with a mG!ms fcu' obtainins an optimal .s< hediile^ thus 
greatly redtieing total project cost, Shoulo. a method be 
developed vjhic'i inclxidos considerations for resource lovclingj, 
scheduling to a. resoufco lij:,iitp optimum use; of slack time for 
project cash flo'Ts and a true time-cost ftxr.c-tion, then a time 
compression method could yield the optiimim i-roject time-cost 
schedtilo. It is entirely conceivable that eventually com- 
puter programs will be witten which irill include all of 
these considerations and will optimize all aspects of a pro- 
ject. The developments i^hich can bo expected in the future 
should significantj.y increase the floribllity and utility 
of computer prograius. More realistic time-cost trade-off 
procedures and more complete allocation routines should 
evolve. 



The chDicG between using a com}mtor and manual methods 
is mainly a question of cost and convenience. Each project is 
different I therefore, s- definitive answer is difficult. How- 
ever, it is readily apparent that the i:so cf computers greatly 



extends and ©xjands the value of the t.ime compression method 
for project time-coot optlRiization. A;' ter all, network analysi 
was dovolopod as a computer oriented project planning, sched- 
uling, and control technique. It is o.. ly logical that f\rcther 



refinements in netayork analysis vjill also bo largely computer 



oriented 
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